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ABSTRACT 
 Biological cells are filled with a variety of pores and channels that transport ions 
and molecules across the cell membrane. These passageways are vital to cell function and 
remarkably effective due to their high selectivity, high flux, and sensitivity to 
environmental stimuli. This level of control is extremely attractive for applications ranging 
from biotechnology to energy and the environment. In this thesis, the unique properties of 
two dimensional materials are utilized to create solid-state nanopores that closely mimic 
the function of biological ion channels.  
 Ionic conductance measurements were used to demonstrate that nanopores 
introduced into graphene membranes exhibit K+/Na+ selectivity and can modulate the ionic 
current with an applied gate voltage. These devices are shown to respond to low gate 
voltages (<500 mV) at biologically relevant concentrations (up to 1M). Cation-anion 
selectivity, concentration dependence, and pH dependence were also investigated. We 
propose the observed behavior is dependent on the presence of surface adsorbates that 
modify the surface energy of the membrane and near the pore, creating a gaseous barrier 
that is modulated via electro wetting. Additionally, we work toward creating light 
  viii 
responsive MoS2 nanopores operating in solution, by monitoring the current through a 
MoS2 nanopore while the device is exposed to a focused laser beam.  
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CHAPTER ONE: Introduction 
 Ion channels are membrane-spanning proteins that provide a pathway for small 
inorganic ions to cross the cell membrane (Hille, 2001) (figure 1.1). Ion channels play a 
vital role maintaining the normal physiological conditions of a living organism; from cell 
signaling, to volume regulation within single cells. They are remarkably effective due to 
their high selectivity, high permeability, and extreme sensitivity to a variety of external 
stimuli, such as a change in membrane potential, the binding of a neurotransmitter, or a 
mechanical deformation. For example, light-gated channelrhodopsin-2 contain a retinal 
chromophore covalently linked to the rest of the protein. Adsorption of light within the 
action spectrum induces a conformational change in the chromophore which in turn 
actuates the protein to open and allow flow of cations across the membrane (Nagel, et al., 
2003). Voltage-gated potassium channels are known to respond to a change in membrane 
potential, opening to allow for selective transport of potassium over other similarly sized 
ions by a factor of over 1000 (MacKinnon, 2004). 
 Molecular separations, biosensors, therapeutics, ionic circuitry and energy 
conversion are just a few of the practical applications where this level of intelligent control 
is exceedingly desirable. However, challenges arise when working with ion channels 
outside their native physiological environment. Lipid bilayer membranes, the membrane 
in which the protein ion channel is embedded, are fragile and difficult to integrate into 
current fabrication technologies. Moreover, the entire biological system requires specific 
environmental conditions to function properly. This has motivated the development of 
solid-state devices that mimic the ion channel’s functionality, both in liquid and gas phase   
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Figure 1.1 Illustration of protein ion channels spanning a lipid bilayer membrane. Ion 
channels function as selective pores, responding to specific environmental stimuli and 
allowing only the flow of specific ions. Taken from (Marban, 2002).  
  
  
3 
systems. Solid-state devices can provide the robustness and durability, as well as the 
thermal and mechanical stability, that biological ion channels lack. Additionally, solid state 
devices provide the ability to fabricate high density arrays and allow for integration with 
electrical and optical read out techniques (Xiao, et al., 2016).  
 Solid-state nanochannels and nanopores have previously been engineered to 
manipulate ionic transport (Guan, et al., 2014; Siwy & Howorka, 2010). Nanofluidic 
transistors based on metal-oxide-solution systems have demonstrated the ability to 
modulate the flux of both ions and molecules through the application of a gate voltage, 
similar to metal-oxide-semiconductor field-effect transistors (Karnik, et al., 2005). These 
devices, built from both silicon dioxide nanochannels and silica nanotubes, produce a 10-
fold concentration enhancement when a 5 V source-drain bias and 50 V gate bias are 
applied (Karnik, et al., 2005). Surface functionalization of similar devices allows for ionic 
transistors to be tuned to either p-type or n-type field effect transistors, similar to doping 
in semiconductors (Fan, et al., 2005). Additionally, introducing a surface charge 
discontinuity can result in rectified, diode-like current behavior (Karnik, et al., 2007). More 
recently, work has been done to reduce the channel/pore dimensions, working towards 
gate-responsive functionality at biologically realistic ion concentrations (~0.1 M). Sub-10 
nm channels in mesoporous silica films and sub-10 nm pores in alumina coated nanopores 
have both shown to modulate ionic current at concentrations up to 10-2 M (Fan, et al., 2008; 
Nam, et al., 2009). Ambipolar ionic field effect transistors (iFETs) have also been 
developed at the sub-10 nm scale (Lee, et al., 2015). Field effect modulated nanopore arrays 
(Joshi, et al., 2010), reconfigurable ionic diodes (Guan, et al., 2011), as well as iFET   
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Figure 1.2: Two examples of solid-state control of ionic transport. (A) Schematic of a 
nanofluidic ion field effect transistor. (B) Differential ionic conductance of nanochannel 
transistors shown in (A) in 100 µM KCl solution and the fluorescence intensity of 
fluorescein-labeled 30mer single-stranded DNA molecules can both be modulated with an 
applied gate voltage. (C) Schematic of alumina coated nanopores with imbedded gate 
electrode. (D) Gate response of nanopore device in (C) in 100 µM KCl solution. Figures 
(A), (B)  taken from (Karnik, et al., 2005) and (C), (D) from (Nam, et al., 2009).  
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devices for controlling molecular transport (Paik, et al., 2012; Karnik, et al., 2006)  are just 
a few examples of the other silicon nanofluidic devices that have been developed. Apart 
from silicon based devices, conical gold nanotubes in PET polymer membranes have also 
demonstrated rectified current behavior due to excess surface charge (Siwy, 2006) and have 
been shown to respond to chemical stimuli, where the presence of calcium induces voltage-
dependent ion current fluctuations (Siwy, et al., 2006). 
 While there has been much innovative progress towards developing functional 
solid-state ion channels, so far these devices have been limited by low electrolyte 
concentrations, high applied voltages, or a combination of the two (figure 1.2). 
Additionally, these devices are greatly limited in their ion selectivity. Thus, there is a clear 
and compelling need for next-generation materials that can combat the range of existing 
challenges in order to more closely mimic a protein ion channel’s function. Two 
dimensional materials offer an exceptionally promising alternative. Their atomic thinness, 
mechanical stability, and the ability to control pore size and shape, offers the potential for 
both high flux and high selectivity, and increased sensitivity. Additionally, the range of 
optoelectronic properties offered by two dimensional materials suggests one could tune the 
pores to respond to a variety of environmental stimuli. 
 With biological ion channels as inspiration, this thesis experimentally investigates 
two dimensional materials for controlling ionic and molecular transport, focusing on 
voltage-gated K+/Na+ selective ion channels from porous graphene. Chapter 2 will provide 
an introduction to nanopores and nanopore fabrication techniques. Chapter 3 will introduce 
2D materials properties and briefly review the background of 2D materials for nanopore 
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applications. Chapter 4 presents the prevailing theory of ionic and molecular transport 
through a solid-state nanopore, setting the stage for chapter 5, where ionic transport across 
porous graphene membranes in an aqueous environment is investigated. These devices are 
shown to demonstrate high inter-cation selectivity and are modulated with an applied gate 
voltage. Chapter 6 presents preliminary results of light responsive MoS2 nanopores, and 
chapter 7 concludes with a summary and outlook for the future of this and related work. 
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CHAPTER TWO: Nanopores 
 This chapter will introduce nanopores, the prominent technologies driving their 
development, and the prevailing techniques used in their fabrication  
2.1: Sensing 
 Resistive pulse sensing is the underlying technique in coulter counters, developed 
and commercialized in the 1950’s for counting and sorting cells (DeBois & Bean, 1970). 
The technique has more recently had a resurgence for applications in single molecule 
detection due to recent advance is DNA technology and the development of fabrication 
techniques that can controllably introduce nanoscale pores into a material. Single molecule 
detection and DNA sequencing have been the driving application for developing nanopore 
sensing technologies. Utilizing the resistive pulse sensing technique, nanopores can 
provide a label free, amplification free, single molecule detection scheme that requires low 
reagent volumes and low cost (Venkatesan & Bashir, 2011). 
 Resistive pulse sensing is a technique based on measuring the ionic current flow 
through a pore (figure 2.1). The magnitude of the ionic current through the pore depends 
in part on the geometry of the pore. As a particle moves through the pore, it blocks a portion 
of the pore which would otherwise be carrying ionic current, resulting in a decreased ionic 
conductance (Miles, et al., 2013). This occurrence is called a blockade event. The 
magnitude of the blockade event is proportional to the translocating particle size. In this 
way, particles translocating through the pore can be counted and differentiated based on 
their blockade signature. 
  
8 
 The first instance of DNA translocation with a nanopore device was carried out 
using a biological pore, α-haemolysin. This protein features a transmembrane channel 
only 1.4 nm in diameter at its narrowest point. The small constriction of this pore allowed 
for differentiation between different types of DNA as it was driven though the pore 
(Dekker, 2007). Since then, protein nanopores have been engineered to distinguish between 
individual base pairs within a strand of DNA (Clarke, et al., 2009). Already there is a 
commercial device on the market produced by Oxford Nanopore that utilizes this 
technology. Solid state device are being developed as an alternative, with the promise of 
reducing fabrication costs and potentially providing increased control of pore dimensions 
and functionalization.  
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Figure 2.1: Resistive pulse sensing technique. As a particle of diameter d approaches a 
pore of diameter D and length L, the current drops from its baseline value Io (1) to a 
blockade value Ib (2), then returns to Io once the particle has left the pore (3). The magnitude 
of the change in current, ΔI, is recorded along with the duration of the translocation event. 
Several hundred such events are collected in a typical scan of 10 seconds. Taken from 
(Davenport, et al., 2012).  
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2.2: Separations 
 In addition to single nanopores for sequencing and single molecule detection, 
nanoporous membranes are being developed and utilized for filtration. Separation 
membranes are commonly classified by the size of their pores and/or the size of the 
particulate they intend to separate. Microfiltration commonly refers to the filtration of 
particles such as yeast, pollen or bacteria, where pore sizes range from ~500 nm up to 1 
mm, whereas ultra and nanofiltration generally separate particles from 1nm up to 500 nm, 
such as proteins, endotoxins and viruses. Reverse osmosis (RO) membranes operate in the 
~1nm range, purifying water by separating dissolved salts only a few angstroms in 
diameter. 
 Traditionally, ultra and nanofiltration membranes are made from polymeric 
materials or polymer composites with glass, metal or ceramic elements. These composite, 
or mixed matrix membranes, often have hollow fibers or zeolite crystals embedded into the 
polymer matrix to alter the transport of an intended species (Mahajan & Koros, 2002). 
However, these commercial ultra-filtration membranes often have broad pore size 
distributions, filtrate losses within the membrane, and low transport rates (Streimer, et al., 
2007; Tong, et al., 2004; Kuiper, et al., 1998).  
 Consequently, thin solid state nanopore membranes are being developed to 
overcome these challenges. With a variety of large scale perforation techniques, ultrathin 
silicon base membranes as well as two dimensional materials can potentially increase the 
flux, efficiency and selectivity of ultrafiltration, nanofiltration and RO processes. 
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2.3: Perforation techniques 
 A variety of fabrication techniques have been developed and utilized to create 
single nanopores for sensing as well as arrays of nanopores for larger-scale separations. 
Silicon nitride has been a tradition material for nanopore fabrication, due to its relative 
chemical stability, low mechanical stress (Venkatesan & Bashir, 2011) and ease of 
integration with tradition microfabrication techniques.  
 A transmission electron microscope (TEM) technique to drill individual nanopores 
was developed by researchers at TU Delft and is now one of the most widespread methods 
by which to fabricate nanopores (Storm, et al., 2003). Free standing silicon nitride 
membranes are created using standard photolithography patterning and subsequent KOH 
etching, usually between 10–200 nm thick. A pore can then be introduced into the 
membrane with a localized focus electron beam in a TEM. Using the wide-field TEM 
illumination, material can be removed or deposited in order to fine tune the size and 
structure of the pore. A similar procedure, first developed at Harvard, utilizes a focused ion 
beam (FIB) to drill single nanopores and nanopore arrays (Li, et al., 2001). Starting with a 
suspended silicon nitride membrane, a focused ion beam is used to finely sculpt a 
nanometer sized pore. Feedback from ion detectors below the membrane indicate when to 
stop milling. Similar to TEM drilled devices, material can be removed or deposited 
depending on the ion rate and temperature. Generally, FIB instruments use a beam of 
gallium ions, however a helium ion microscope can also be used to mill nanopores in a 
similar fashion (Yang, et al., 2011; Emmrich, et al., 2016). These methods have been 
extended for use fabricating pores in two-dimensional materials as well. While these 
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methods allow for finely tuned nanopore diameters down to ~1 nm, the fabrication process 
is costly and fairly laborious given the need for expensive imaging equipment (TEM, FIB 
or HIM).  
 An alternative, low cost approach to introducing nanopores is through voltage-
pulse techniques (Kwok, et al., 2014; Yanagi, et al., 2014). With this procedure, a 
membrane is mounted in a liquid cell separating two reservoirs containing an aqueous 
electrolyte solution. A voltage (~20 V) is applied across the membrane generating a high 
electric field, which leads to dielectric breakdown within the membrane. The leakage 
current across the membrane is monitored to determine the creation of a pore and its size. 
Once introduced the pore can also be enlarged by applying moderate AC electric field 
square pulses (Kwok, et al., 2014). This allows for sub-nm precision in sculpting pores 
ranging from 2 nm to 25 nm in diameter. This technique has also been utilized to create 
pores in two dimensional materials (Feng, et al., 2015; Kuan, et al., 2015). 
 So far, the perforation techniques discussed have been for fabricating individual 
pores. For separation applications, a large array of pores is often desired .While TEM and 
FIB drilling can be used to fabricate arrays of pores (Tong, et al., 2004), it is not the most 
efficient method. The track-etch technique can be used to form nanometer sized pores in a 
large area membranes, traditionally of a dense, glassy polymer. In this technique, a 
membrane is irradiated with heavy swift ions, which penetrate through the membrane 
leaving behind a trace of modified material confined to a cylinder several nanometers in 
diameter. A subsequent wet etch of the membrane material can be used to controllably 
enlarge the size of the existing ion-track pores without introducing damage to the rest of 
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the membrane material. Due to the fabrication method, these pores are generally conical in 
shape and usually range from 2 nm – 50 nm in diameter at the tip opening. In addition to 
polymeric membranes materials, this technique can also be used with silicon nitride 
membranes (Vlassiouk, et al., 2009), and a similar ion bombardment followed by chemical 
wet etch technique has been used on graphene as well (O'Hern, et al., 2014). 
 A technique to create porous nanocrystalline silicon membranes has been 
developed at the University of Rochester (Streimer, et al., 2007). With this technique, a 
thin amorphous silicon film (~ 15 nm thick) undergoes rapid annealing, wherein voids are 
formed spontaneously as nanocrystals nucleate and grow. These voids span the thickness 
of the membrane, creating nanometer sized pores. The pore size and density increase 
monotonically with the temperature of the anneal. 
 While not used in silicon nitride membranes, dry chemical etches, such as ultra 
violet/ozone irradiation and oxygen plasma, have been used to create pores in two 
dimensional materials. These process cause oxidation at defect sites within the two 
dimension lattice, expanding into pores. While this technique has been used to create single 
nanopores (Koenig, et al., 2012), increased exposure will expand existing pores in addition 
to introducing new pores, resulting in a wide pore size distribution.   
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Figure 2.2: Compilation of nanopores fabricated through various techniques. (A) TEM 
image of a nanopore in a silicon nitride membrane drilled with via focused electron beam 
in TEM (Smeets, et al., 2006). (B) TEM image of FIB sculpted nanopore in silicon nitride 
(Li, et al., 2001). (C) STIM image of an array of HIM drilled nanopores in silicon nitride, 
scale bar 100 nm (Emmrich, et al., 2016). (D) Voltage-pulse pore in silicon nitride 
membrane. TEM image of entire silicon nitride membrane and (inset) pore (Yanagi, et al., 
2014) (E) SEM image of track etched nanopores in silicon nitride membrane (Vlassiouk, 
et al., 2009). (F) Nanopores in nanocrystalline silicon via rapid thermal annealing process. 
TEM image. (Streimer, et al., 2007).
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CHAPTER THREE: Two-dimensional materials 
 Dimensionality is a fundamental parameter of materials. The same chemical 
compound can have strikingly different properties depending on whether it is arranged in 
a 3D bulk crystalline structure of cleaved down to a 2D dimensional sheet (Novoselov, et 
al., 2005; Geim & Novoselov, 2007). Graphene has been the archetypal two dimensional 
nanostructure, known for its extraordinary properties (in terms of carrier mobility, 
flexibility, thermal conductivity and chemical resistivity) that are distinct from its three 
dimensional counterpart, graphite (Kostarelos, 2016; Park, 2016). Since graphene’s first 
isolation, other two dimensional materials have also emerged. Some of these materials are 
monolayers comprising of a single element, such as phosphorene, while others feature 
different atoms alternating within the same layer, such as boron nitride and transition metal 
dichalcogenides (Anon., 2016; Novoselov, et al., 2016). Collectively, this family of two 
dimensional materials covers a wide range of materials properties. With this tool box of 
two dimensional materials, one can utilize each material’s unique properties and combine 
them to create functionalities otherwise unattainable.  
 This chapter highlights the two dimensional materials utilized in this thesis: 
graphene, hexagonal boron nitride, and molybdenum disulfide, and discusses the unique 
properties that make them advantageous for nanopore applications. This is followed by a 
short review of the use of two dimensional materials in nanopore applications to date. 
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3.1: Graphene 
 Graphene is a single atomic layer of covalently bonded carbon atoms forming a flat 
hexagonal lattice (figure 3.1). When individual graphene sheets are stacked together, they 
form graphite. While strong sp2 covalent bonds connect carbon atoms in-plane, weak van 
der Waals forces hold the individual graphene sheets together. This allows the sheets of 
graphene to slide with respect to each other, allowing graphite to be used as a writing tool. 
This phenomena led to graphene’s first isolation in 2004.  
 Since its first isolation, graphene has been a rising star in science, continuing to 
excel when applied to new and novel engineering challenges. Much of graphene’s success 
is due to its superior properties, which can be derived from its unique chemical structure. 
The initial surge of interest in graphene arose due to graphene’s electronic properties. Most 
notably, graphene is a zero-band gap semiconductor, due in part to its two-dimensional 
nature. This unique band structure leads to graphene displaying interesting physics where 
the electrons behave as massless particles (Castro Neto, et al., 2009). One example of this 
is graphene’s display of the integer quantum hall effect at room temperature (Nosovelov, 
et al., 2005; Zhang, et al., 2010). In addition to superior electronic properties, graphene is 
also nearly transparent, absorbing only 2.3% of light for a graphene monolayer 
(Bonaccorso, et al., 2010).  
 Mechanically, graphene is extremely strong. Only a single-layer of atoms thick, 
graphene has a Young’s modulus for stretching as high as 1 TPa, and breaking strength of 
~42 N/m with 25% strain (Frank, et al., 2007; Lee, et al., 2008). It was also found that 
graphene is impermeable to all standard gases at room temperature (Bunch, et al., 2008).   
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Figure 3.1: Structure of graphene lattice. Carbon atoms are in blue. Taken from 
(Hedberg, n.d.). 
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Theoretical studies attributed graphene’s impermeability to its high crystal quality, low 
defect density and the electron density of graphene’s aromatic rings being large enough to 
repel atoms and molecules trying to pass through (Jiang, et al., 2009). However, recently 
it was shown that graphene is not impermeable to proton transport, and also demonstrates 
selectivity between hydrogen isotopes (Hu, et al., 2014; Lozanda-Hidalgo, et al., 2016). 
Nevertheless, the introduction of pores and/or defects is necessary to observe transport of 
larger ionic species, atoms, and molecules.  
 The combination of superior strength, atomic thinness, and the ability to introduce 
controlled defects into an otherwise impermeable material gives graphene the potential to 
provide maximum flux with increased selectivity, surpassing even state of the art polymeric 
track-etched membranes. Consequently this has led to the investigation of porous graphene 
as a semi-permeable membrane material, which will be discussed further in section 3.4: A 
short history of two-dimmensional nanopores. 
 In addition to mechanical strength and controlled pore formation, graphene’s 
electrochemical stability in an aqueous electrolyte solution is essential for functioning as a 
gated nanopore in the liquid environment. Studies done to investigate graphene’s potential 
as an electrode material for energy storage and conversion applications have found single 
layer graphene edge sites to be significantly more reactive than graphene’s basal plane (Li, 
et al., 2011; Valota, et al., 2011; Yuan, et al., 2013). This has also been seen with studies 
carried out on carbon nanotubes; where the nanotube ends display the fastest electron 
transfer kinetics (Banks, et al., 2005). For edge sites on pristine graphene in an ionic 
solution, electrochemical current densities on the order of 104 A/cm2 have been observed 
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in 1 M KCl solution (Banerjee, et al., 2013). However, carbon nanotubes coated with an 
amorphous carbon layer have been found to etch in 0.1M NaCl only at potentials more 
positive than 1.7 V, while bubbles were observed on the carbon nanotubes at potentials 
more negative than -0.5 V, indicating hydrogen evolution is likely the faradic process 
responsible at the negative potential limit (Ito, et al., 2003). No voltammetric peaks were 
observed in the range -0.5 V to 1.3 V. 
 Lastly, graphene’s wettability is a point of interest. Graphite and other carbon 
materials historically have been accepted as hydrophobic, thus it was the common 
assumption that graphene was hydrophobic as well. However, recent studies have shown 
that graphene is intrinsically more hydrophilic than previously thought. Li et al. 
demonstrated that the water contact angle on freshly prepared supported graphene surfaces 
increased when exposed to ambient air. Airborne hydrocarbons were shown to adsorb onto 
graphitic surfaces within minutes of air exposure, increasing the water contact angle as 
much as 35 degrees in just 24 hours in ambient conditions (Li, et al., 2013; Kozbial, et al., 
2014; Aria, et al., 2016). Theoretical work confirmed that absorption of only a monolayer 
of hydrocarbons is enough to reproduce the hydrophobic behavior previously observed on 
graphite (Kozbial, et al., 2014). Additionally, it has been shown both with simulations and 
experiment that one can tune the wettability and contact angle of water on graphene by 
doping the graphene sheet (Ashraf, et al., 2016; Ostrowski & Eaves, 2014).   
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Figure 3.2:  Atomic structure of hexagonal Boron Nitride. Boron atoms are in green and 
Nitrogen atoms are in red. Image taken from (Boldrin, et al., 2011).  
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3.2: Hexagonal boron nitride 
 Hexagonal boron nitride (h-BN), also known as ‘white graphene’, consists of 
hexagonal rings of alternating boron and nitrogen atoms held together by strong sp2 
covalent bonds and  a lattice constant  almost identical to that of graphene (Novoselov, et 
al., 2016) (figure 3.2). Due to the strong covalent bonds in-plane, h-BN displays high 
mechanical strength, thermal conductivity and chemical stability (Shi, et al., 2010; Song, 
et al., 2010; Lipp, et al., 1989; Ouyang, et al., 2010). With a large band gap of ~6 eV, h-
BN is an ideal substrate for stacked 2D heterostructures, providing an atomically smooth 
insulating surface free of dangling bonds and charge traps (Novoselov, et al., 2016; 
Cassabois, et al., 2015).  
 h-BN’s strong oxidation resistance is attractive for nanopore applications, as 
surface treatments to increase hydrophilicity, such as UV/Ozone and oxygen plasma, do 
not damage the material (Chen, et al., 2004; Zhou, et al., 2013). 
3.3: Molybdenum disulfide 
 Transition metal dichalcogenides (TMDC), with the formula MX2, have a 
hexagonal structure with each monolayer composed of three stacked layers (X-M-X) 
(Chhowalla, et al., 2013) (figure 3.3). They offer a range of electronic properties, from 
insulating to semi metallic, depending on the filling of the nonbonding d bands by the 
transition metal electrons (Novoselov, et al., 2016; Wang, et al., 2012). Of the TMDCs, 
molybdenum disulfide (MoS2) has been widely studied as it is suitable for a wide range of 
electronic and optoelectronic applications (Subbaiah, et al., 2016).  
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 MoS2 has a layer dependent bandgap, crossing over from an indirect gap (1.2 eV) 
to a direct gap (1.8 eV) at the bulk to monolayer transition (Subbaiah, et al., 2016). This 
crossover can be understood by a combined effect of quantum confinement, long range 
Coulombic effect, and a change in hybridization between orbitals in pz orbitals in S atoms 
and d orbitals in Mo atoms (Subbaiah, et al., 2016). The band structure of MoS2 can also 
shift in response to strain in the material. Experiments have shown that the optical band 
gap reduces by ∼50 meV/% for uniaxial strain (He, et al., 2013; Conley, et al., 2013) and 
∼100 meV/% for biaxial strain (Lloyd, et al., 2016). 
 The direct band gap in monolayer MoS2 also makes it a promising material for 
optoelectronic applications. While the direct band gap in MoS2 exists in the bulk structure, 
the photoluminescence does not exist in the bulk due to excitonic absorption. However in 
the monolayer regime the direct band gap dominates and direct band radiative 
recombination becomes the principle method for excitonic recombination (Ganatra & 
Zhang, 2014). Lopez-Sachez et al. found the photoresponsivity of monolayer MoS2 to be 
as high as 880 A/W at a wavelength of 561nm, with the photoresponse in the range of 400–
680 nm (Lopez-Sanchez, et al., 2013). 
 Lastly, MoS2 is also shown to have good mechanical strength. Its in-plane stiffness 
is ~180 N/m, corresponding to an effective Young’s modulus of 270 GPa. Breaking occurs 
at a breaking strength of ~15 N/m with an effective strain between 6 – 11% when measured 
via nano-indentation experiments (Bertolazzi, et al., 2011; Jiang, 2015). Similar to 
graphene, MoS2’s strength and atomic thinness makes it an attractive material for nanopore 
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applications. Its additional optoelectronic properties potentially offer alternative methods 
by which to control molecular transport that are not achievable with graphene.  
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Figure 3.3: Atomic structure of molybdenum disulfide. Adapted from (Wang, et al., 2012).  
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3.4: A short history of two-dimensional nanopores 
 DNA sequencing has been one of the dominate applications driving graphene 
nanopore development. Graphene’s thinness has been attractive for this application as it 
may offer the resolution necessary for single base pair detection using the resistive pulse 
sensing technique. With graphene’s thickness on the order of angstroms, one could 
theoretically carry out DNA sequencing, characterizing each base pair as it translocate 
through the pore via the current blockade signature (Heerema & Dekker, 2016).  
 In 2010, several different research groups across the globe were able to demonstrate 
DNA translocation through a graphene nanopore. Single vs double stranded DNA, as well 
as folded vs single file DNA strands were differentiated (Garaj, et al., 2010; Merchant, et 
al., 2010; Schneider, et al., 2010). This proof of concept sparked much further research in 
the field. In subsequent years, efforts where focused on obtaining single-base-pair 
resolution. Working towards this goal, graphene nanopores were made with a reduced pore 
size to enhance the signal (Garaj, et al., 2012) and surface treatments were employed to 
tailor the graphene‘s hydrophobicity (Schneider, et al., 2013). Other sensing geometries 
were also explored, such as creating a stacked graphene-ALD-Alumina pore structure 
(Venkatesan, et al., 2012), and measuring the modulation of a transverse current across a 
graphene nanoribbon spanning the nanopore (Traversi, et al., 2013). Many efforts have 
been made towards developing DNA sequencing techniques that utilize graphene’s unique 
properties, however challenges still remain in slowing DNA translocation speeds, lowering 
noise levels, and reducing conformational fluctuations of bases residing in the pore 
(Heerema & Dekker, 2016).   
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Figure 3.4: (A)  Side view illustration of a DNA translocation through a graphene nanopore. The 
baseline conductance of ionic current through the nanopore and the occurance of blockade events 
upon the addition of DNA. The depth and duration of blockade events are unique to the DNA 
position (nonfolded, partially folded and fully folded). Taken from (Schneider, et al., 2010). (B) 
ALD alumina coated graphene nanopores are shown to be more robust and signifucatly reduced 
electrical noise compared to pure graphene. Taken from (Venkatesan, et al., 2012). (C) Schematic 
of graphene nanoribbon device, where both transmembrane ionic current and graphene nanoribbon 
(GNR) electrical current can be recorded. Simultanious measurement of both currents demonstrate 
that both measurements are able to detect DNA translocation events. Taken from (Traversi, et al., 
2013).  
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 In addition to DNA sequencing, 2D materials have also been attractive for gas 
separation and liquid filtration. When using a membrane to separate materials, the 
efficiency of the separation is restricted by how quickly a fluid can move through the 
membrane and how selective the membrane is. Graphene offers the combination of fast 
flow rates along with high selectivity, if pores can be controllably introduced into the 
material.  
 In 2008, Bunch et al. demonstrated that pristine exfoliated graphene is impermeable 
to all gases at room temperature (Bunch, et al., 2008). With this atomically thin barrier, 
one can imagine the potential for graphene to perform as a highly efficient gas separation 
membrane with the controlled introduction of pores.  In 2009, Jiang et al. demonstrated 
just that using MD simulations. Graphene membranes were shown to have superior 
selectivity and permeability compared to traditional polymer and silica membranes (Jiang, 
et al., 2009). This high permeability and selectivity of porous graphene membranes was 
then demonstrated experimentally in 2012 by Koenig et al. By introducing angstrom-sized 
defects into a monolayer graphene membrane they were able to separate hydrogen from 
methane (Koenig, et al., 2012). Since these initial gas separation studies on micron-sized 
graphene membranes, work has been done to study how graphene membranes would 
function on a larger scale. Celebi et al. have demonstrated that mm-sized membranes with 
controlled pore sizes also display highly efficient mass transfer (Celebi, et al., 2014).  
 Along with gas separation, graphene membranes for liquid filtration have also been 
studied extensively within recent years. While graphene may be useful for a variety of 
liquid separation applications, desalination has driven much of the work on graphene 
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membranes operating in solution. MD simulations have demonstrated graphene to be 
superior to current state of the art reverse osmosis membranes by providing rapid water 
transport and high salt rejection (Cohen-Tanugi & Grossman, 2012). Experimental work 
done by Surwade et al. confirmed these computational studies by demonstrating that pores 
introduced via O2 plasma etching can produced comparable water fluxes (Surwade, et al., 
2015). Additionally, O’Hern et al. has demonstrated nanofiltration of nm sized particles 
with pores introduced into graphene via ion bombardment and subsequent oxidative 
etching (O'Hern, et al., 2014). Experimental studies have typically focused on CVD 
graphene, where challenges can arise from intrinsic defects in the grown film. Thus, 
O’Hern et al. have also put efforts towards sealing the intrinsic defects in graphene before 
introducing selective pores (O'Hern, et al., 2015).  
 Other 2D materials are now being explored for nanopore applications as well. Due 
to  h-BN’s oxidation resistance, h-BN nanopores can be exposed to treatments to increase 
wettability without damaging the pore (Zhou, et al., 2013). MoS2 nanopores have also been 
shown to be a promising material for DNA sequencing due to their stability for extended 
time periods without the need for additional functionalization and their increased 
sensitivity through controlled pore formation (Feng, et al., 2015; Feng, et al., 2015; 
Farimani, et al., 2014; Liu, et al., 2014). In 2015, MoS2 nanopores were shown to have 
single nucleotide resolution when DNA transport through the pore was slowed using an 
ionic liquid as the solvent (Feng, et al., 2015). Addtionally, MoS2 nanopores were recently 
shown to exhibt ion selectivity in a demonstration as nanopower generators (Feng, et al., 
2016).   
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Figure 3.5: (a-d) Gas separation experiment carried out by Koenig et al. (a) A graphene sealed 
micro cavity is placed inside a pressure chamber and filled with H2, (b) upon removal from the 
pressure chamber the membrane bulges upward. (c) a single sub-nm pore is introduced via 
UV/Ozone etching and H2 leaks out of the micro cavity, however (d) air cannot leak back into the 
micro cavity because the pore is selective. (e) Leak rates out of graphene sealed micro cavity with 
selective pore. Figures (a-e) taken from (Koenig, et al., 2012). (f) Schematic of graphene sealed 
glass vial filled with water; porous graphene (red), Si wafer (blue), Aluminum seal (grey), Lid 
(black). Pores are introduced into the graphene membrane via O2 plasma exposure and degree of 
perforation is measured as the ratio of graphene’s D and G Raman peaks. Water is allowed to 
evaporate out of the graphene sealed vial and water loss is measured as a change in mass. (g) Water 
loss and ionic conductivity across the membrane plotted against degree of perforation (C1 and C2 
are control devices). (h) Selectivity of porous graphene plotted against the degree of perforation; 
High selectivity results from very short O2 plasma exposure times. Selectivity is measured as the 
ratio of water flux to ionic conductivity. Figures (f-h) taken from (Surwade, et al., 2015). (i) 
intrinsic defects and tears in CVD graphene transferred to a polymer support are sealed with ALD 
hafnium and interfacial polymizeration. (j) Selective pores are then introduced via ion 
bombardment followed by chemical oxidation and are shown to separate ~1 nm molecules from 
monovalent ions. (i-j) taken from (O'Hern, et al., 2015).  
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Figure 3.6: (A) Photo of 1 μm thick graphene oxide film. (B) SEM image of graphene 
oxide film’s cross section. (C) Schematic of water permeation mechanism through 
graphene oxide layers. Taken from (Nair, et al., 2012).  
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 While not strictly a 2D material, graphene oxide, the oxidized derivative of pristine 
graphene, has also been explored for separation applications. In 2012, Nair et al. 
demonstrated graphene oxide’s ability for unimpeded water permeation while still 
maintaining a leak tight barrier to other liquids, vapors and gases, including helium. This 
behavior is attributed to the low-friction flow of water through nanoscale capillaries 
between the graphene oxide layers, while blocking the permeation of other molecules by 
clogging the narrow channels with water (Nair, et al., 2012) (figure 3.6). Since this early 
study, work has focused on tailoring the interlayer spacing of graphene oxide for selective 
separation of ions (Hong, et al., 2016; Cheng, et al., 2016). 
 With the interest in creating ion selective nanopores, research has proceeded to 
investigate smaller and smaller nanopore geometries, utilizing graphene and other two-
dimensional materials to explore nanopores with diameters on the order of the translocating 
ions (<2 nm) and with atomic-sized channel lengths (0.34 nm thick graphene).  
 Since 2008, computational studies have explored the selectivity and transport 
physics of water and ions translocating through nm and sub-nm pores in 2D materials (Suk 
& Aluru, 2010; Suk & Aluru, 2014; Sint, et al., 2008; Hu, et al., 2012; Ying-Hua, et al., 
2015). Molecular dynamics simulations by Sint et al. demonstrated graphene’s ability for 
selective ion transport based on the pore functionality (Sint, et al., 2008). Computational 
and theoretical work done by Suk & Aluru have proposed how to augment current 
nanopore theory to account for the behavior of graphene nanopores acting in the semi-
continuum and sub-continuum regimes (Suk & Aluru, 2014). 
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 Experimental work done by Jain et al. proposed a transport model that accounts for 
dehydration effects in addition to pore charge and pore geometry, which would explain 
their observed non-linear, activated and rectified I-V behavior across sub-nm pores in 
graphene (Jain, et al., 2015). Experimental work on MoS2 nanopores done by Feng et al. 
has proposed an ionic coulomb-blockade mechanism, similar to that of a quantum dot, to 
account for non-linear, activated I-V behavior observed in their devices (Feng, et al., 2016). 
Additionally, recent studies by Rollings et al. have proposed an alternate mechanism for 
selective ion transport, where surface conduction plays a dominate role as opposed to steric 
exclusion (Rollings, et al., 2016). 
 If nothing else, the above review demonstrates that ionic transport across 
nanoporous two-dimensional materials is of increasing interest to the scientific community, 
with much still to be learned about the diversity of fundamental transport mechanisms 
taking place, and much still to be developed before two dimensional nanopore devices 
appear in daily technologies.  
3.5: AFM voltage pulse technique for creating graphene nanopores 
 The experiments reviewed in section 3.4 have generally utilized the perforation 
methods originally developed for silicon nitride membranes, discussed in section 2.3. Here, 
we have developed an alternative voltage pulse technique for introducing nanometer sized 
pores into thin two dimensional membranes while in air (Wang, et al., 2015). This method 
is advantageous for creating gas separation membranes. With this method suspended 
graphene membranes are fabricated and pressurized closely following the protocol 
described in references (Bunch, et al., 2008; Koenig, et al., 2012; Koenig, et al., 2011; 
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Wang, et al., 2012). Suspended monolayer graphene device were fabricated via mechanical 
exfoliation onto predefined wells in a silicon dioxide (SiO2) substrate, forming a graphene-
sealed micro chamber that contains a μm3 volume of gas inside the micro cavity. To 
pressurize the inside of the graphene-sealed micro-cavity, the sample was placed inside a 
high pressure chamber and gas was introduced to the chamber at a prescribed pressure. 
Because graphene is impermeable, gas diffuses into the graphene-sealed micro-cavity 
through the surrounding SiO2 substrate.  
 While the membrane is still bulged upward, a pore is introduced into the membrane 
by applying a voltage pulse to the surface of the graphene membrane using a metallized 
AFM tip (Park, et al., 2002; Puddy, et al., 2011). This is carried out in the force-curve mode 
of the AFM (Asylum MFP-3D), where the location, duration and applied force of the AFM 
tip can be controlled. Figure 6.3a shows a ~300 nm diameter pore in the center of a 
suspended graphene membrane created by applying a voltage pulse of -5V for 100 ms. We 
found that the voltage and time needed to introduce a pore varied depending on the AFM 
tip used and the cleanliness of the tip, thus the difference in pore size between figure 6.3a 
and figure 6.3c. Consequently, to ensure a sub-nm sized pore, the voltage and duration of 
the pulse was iteratively increased until a single sub-nm pore was formed in the membrane. 
Immediately after pore formation, the deflection of the membrane drops and the graphene 
is flat aside from a few wrinkles introduced by the process. In this way we could tell when 
a pore was formed. Figure 6.3b shows a bulged membrane prior to pore formation and 
figure 6.3c depicts the same membrane, deflated, resulting from the introduction of a pore 
using a voltage pulse of -9 V for 2 seconds. We could not detect the pore from the AFM 
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image post perforation, indicating that the pore is smaller than the resolution of the AFM. 
The pore size can be measured by monitoring and comparing the leak rate of different sized 
gas molecules (Koenig, et al., 2012).  
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Figure 3.7: AFM pulse technique for introducing single pores. (a) AFM height image of 
suspended graphene membrane with large pore (~300 nm) at its center. AFM height images 
of a pressurized graphene membrane (b) before and (c) ~3 minutes after etching a small 
pore (~1nm) at the center of the membrane. Adapted from (Wang, et al., 2015). 
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CHAPTER FOUR: Theoretical aspects of ion transport 
 Understanding the transport properties of nanopores is useful for the development 
of biomimetic solid-state devices. As suggested in chapter 3, the fundamental fluid physics 
witnessed at the nanoscale can vary drastically from its macroscale counterpart. However, 
nanopores offer the unique opportunity to investigate ionic and molecular transport on such 
a small scale. In this chapter, several concepts regarding fluid transport through a nanopore 
will be introduced, which will prove useful in understanding the studies carried out in 
chapters 5 and 6.  
 Let us begin with a simple model for the resistance of a cylindrical nanopore filled 
with an ionic solution. In this scenario, the resistance through the nanopore is modeled as 
the series combination of the resistance from the geometry of the pore itself, 𝑅𝑝, and the 
access resistance 𝑅𝑎  (Davenport, et al., 2012). Since we are modeling the pore as a 
cylinder, the pore resistance can be written as  
 
𝑅𝑝 =  
4𝑙
𝜋𝜎𝑑2
 
(4.1) 
Where l is the length of the pore, d is the pore diameter and  is the bulk conductivity of 
the ionic solution. The access resistance is a consequence of ions converging onto as small 
aperture from a semi-infinite reservoir. The model by Hall derives this resistance as the 
resistance between a flat disk electrode, representing the pore, and a hemispherical 
electrode far away (Hall, 1975). In this derivation, Hall exploits the relation between the 
resistance between two electrodes in conducting media and the capacitance between these 
electrodes in insulating media: 
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 𝑅 =
𝜀𝑟𝜀𝑜
𝜎𝐶
 
(4.2) 
where 𝜀𝑟is the relative permittivity of the medium where the capacitance is measured, 𝜀𝑜 
is the permittivity of free space, and 𝐶  is the capacitance. The capacitance between a 
conducting disk and a hemispherical electrode far away can be written as 𝐶 = 4𝜀𝑟𝜀𝑜𝑑. The 
capacitance of a conducting disk on one side is only half this total capacitance, thus the 
access resistance of one side of the pore is  
 
𝑅 =
𝜀𝑟𝜀𝑜
𝜎𝐶
=
𝜀𝑟𝜀𝑜
2𝜎𝜀𝑟𝜀𝑜𝑑
=
1
2𝜎𝑑
 
(4.3) 
Since convergance effects take place at both the entrance and exit of the pore, the total 
access resistance is twice as large: 
 
𝑅𝑎 =
1
𝜎𝑑
 
(4.4) 
Taking both the access and pore resistance together, the total resistance can be written as   
 
𝑅 = 𝑅𝑝 + 𝑅𝑎 =
4𝑙 + 𝜋𝑑
𝜋𝜎𝑑2
 
(4.5) 
More commonly, this is written as a pore conductance (Smeets, et al., 2006; Kowalczyk, 
et al., 2011; Davenport, et al., 2012) 
 
𝐺 = 𝜎 [
4𝑙
𝜋𝑑2
+
1
𝑑
]
−1
 
(4.6) 
 For large nanopores, often one can neglect the access resistance because the length 
of the pore is much greater than the pore’s diameter. However, for low aspect ratio pores, 
where𝑑 ≫ 𝑙 , the access resistance dominates the nanopore conductance. Thus, for an 
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atomically thin graphene membrane, the above expression can be simplified to (Garaj, et 
al., 2010; Tsutsui, et al., 2012): 
 𝐺 = 𝜎𝑑 (4.7) 
This simplified model is appropriate for estimating the conductance through a pore. 
However, this model assumes a fully wetted, cylindrical pore, which may not always be 
the case. It does not account for charge on the pore or membrane surface, nor does it 
consider other interactions that may take place at the pore mouth, such as dehydration. 
These considerations will be discussed in the following sections. Divided into three parts, 
the discussion will address electrostatic interactions of a charged nanopore, electrically 
driven fluid transport, and hydrophobic nanopores. In presenting these concepts, several 
mechanisms for ion selective transport will be discussed, including steric exclusion, surface 
charge, and hydrophobic gating, as well as mechanisms for gate responsive behavior, 
including direct electrostatic gating and electro-wetting phenomena. 
4.1: Electrostatic interactions 
 To begin our discussion of charged nanopores, we will first examine a charged 
planar surface in solution to see how the surface charge influence both the electric potential 
as well as the ionic concentrations near the surface. Solids in solution bear a surface charge 
due to the dissociation of surface groups or the absorption of ionic species from the liquid 
(Hunter, 1989). Due to that surface charge, counter ions from the solution accumulate near 
the surface under the influence of electrostatic attraction. The screening layer created by 
the attracted counter ions is called the electric double layer (EDL). Some of the counter 
ions in the EDL are bound to the charged surface, in what is called the Stern layer, while 
  
39 
others remain mobile, in what is called the Debye layer (figure 4.1). At equilibrium, the 
electric potential governing the EDL is given by the Poisson equation: 
 ∇2𝜙 = −
𝜌
𝜀𝑟𝜀𝑜
 
(4.8) 
where  is the electric potential,  is the charge density, 𝜀𝑟 is the relative permittivity of 
water, and 𝜀𝑜 is the permittivity of free space. For ions in solution, the charge density can 
be represented as a summation of the ion concentration multiplied by the charge on each 
ion, 𝜌 = 𝑒 ∑ 𝑐𝑖𝑍𝑖, where e is the  elementary charge, Zi is the valence on the ion and ci is 
the local ion number density (concentration). The ions can be assumed to follow a 
Boltzmann distribution, thus equation 4.8 becomes: 
 
∇2𝜙 = −
𝑒
𝜀𝑟𝜀𝑜
∑ 𝑐𝑖
𝑜𝑍𝑖exp (−
𝑍𝑖𝑒𝜙
𝑘𝐵𝑇
)
𝑖
 
(4.9) 
where 𝑐𝑖
𝑜  is the bulk ion number density, 𝑘𝐵  is the Boltzmann constant and T is the 
temperature. This is known as the Poisson-Boltzmann equation. If the electric potential is 
in one dimension depending only on the distance from the charged surface, x, and if the 
electric potential is small (i.e. 
𝑍𝑖𝑒𝜙
𝑘𝐵𝑇
≪ 1), then equation 4.9 has a simple analytical solution: 
 𝜙(𝑥) = 𝜙𝑜𝑒
−𝜅𝑥 (4.10) 
where 𝜙𝑜 is the potential at the surface, and  is given by 
 
𝜅 = (
𝑒2 ∑ 𝑐𝑖
𝑜𝑍𝑖
2
𝑖
𝜀𝑟𝜀𝑜𝑘𝐵𝑇
)
1/2
 
(4.11) 
For a symmetric monovalent electrolyte solution, this expression is simplified to: 
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𝜅 = (
2𝑒2𝑐𝑜
𝜀𝑟𝜀𝑜𝑘𝐵𝑇
)
1/2
 
(4.12) 
The inverse of 𝜅 is known as the Debye length (𝜆 = 𝜅−1), and is the characteristic distance 
from the charged surface over which the potential decays exponentially to 1/e. Thus, it is 
often considered as a charge carrier’s net electrostatic effect in solution. In the case of our 
charged surface, it is the distance to which the electrostatic effects from the charge surface 
persist in the adjacent ionic solution. For a 100 mM KCl solution, 𝜆 = ~ 1 nm. While ions 
in the Stern layer remain immobile, the counter ions contributing to the Debye layer are 
mobile and can contribute to the ionic current when an external electric field is applied.  
 The Poisson-Boltzmann equation also describes the distribution of cations and 
anions within the solution. For a negatively charged surface, the concentration of cations 
will be large very close to the charged surface and will decay exponentially, eventually 
reaching the bulk concentration. At the same negatively charged surface, the concentration 
of anions will be low at the surface and increase to the bulk concentration away from the 
surface. 
 We now have an understanding of how charge on the surface of a nanopore can 
influence the concentrations of cations and anions near a surface. Often the surface charge 
is tuned by chemical modifications, however an alternative approach is to actively control 
the cation and anion populations near a surface by utilizing the field effect, similar to how 
a MOSFET can regulate the electron and hole population within a conductive channel 
(Guan, et al., 2014).   
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Figure 4.1: Schematic illustration of electric double layer (left) and electric potential 
profile normal to the negatively charged surface. Taken from (Daiguji, 2010). 
 
 
Figure 4.2: Schematic illustration of the field effect control of the ionic distribution near a 
planer surface. Taken from (Hu, et al., 2012).  
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 We will continue with the model of a charged planar surface where the potential in 
the adjacent solution is described by the Poisson-Boltzmann equation. As is often the case 
when creating a gate electrode, we can coat the surface with a thin layer of dielectric 
material, with thickness , to prevent electrolysis when a voltage, 𝑉𝑔, is applied to the 
surface (figure 4.2). Due to the absence of charge within the dielectric layer, the potential 
inside the dielectric material is governed by Laplace’s equation, ∇2𝜓 = 0. Following the 
derivation of (Hu, et al., 2012), the boundary conditions associated with the electric 
potential at the interface between the dielectric material and the solution are as follows: 
 𝜙 = 𝜓 = 𝜁 at 𝑥 = 0 (4.13) 
 𝜀𝑜𝜀𝑟
𝜕𝜙
𝜕𝑥
− 𝜀𝑜𝜀𝑑
𝜕𝜓
𝜕𝑥
= −𝜎𝑠 at 𝑥 = 0 
(4.14) 
Where 𝜁 is the zeta potential at the planar surface, 𝜀𝑑  is the relative permittivity of the 
dielectric material, and 𝜎𝑠 is the surface charge density. The variable x  is the distance from 
the surface, where 𝑥 = 0 is at the interface between the dialectric and the ionic solution. 
Boundary condition (4.13) states that the potential is continuous across the interface. 
Boundary condition (4.14) states that the potential satisfies Gauss’s law, where the electric 
field is not continuous at the interface due to the discontinuity of the electric permittivities 
at the interface. 
 The boundary condition between the gate electrode and the dielectric layer is that  
𝜓 = 𝑉𝑔 at 𝑥 = −𝛿. Thus, 
 𝜕𝜓
𝜕𝑥
=
𝑉𝑔 − 𝜁
𝛿
 
(4.15) 
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Substituting equation 4.10 and equation 4.15 into equation 4.14 and evaluating at  𝑥 = 0, 
the zeta potential becomes 
 
𝜁 =
𝜎𝑠𝛿 + 𝜀𝑜𝜀𝑑𝑉𝑔
𝜀𝑜𝜀𝑟𝜅𝛿 + 𝜀𝑜𝜀𝑑
 
(4.16) 
From this expression, we can see that the zeta potential at the surface of the fluid is linearly 
proportional to the externally applied gate voltage. The strength of the potential is also 
dependent on the properties of the dielectric layer as well as the Debye length of the 
solution. For a 500 mV gate voltage applied across a thin 2 nm layer of dielectric material 
(𝜀𝑟 = 4) with a surface charge of 200 mC/m
2, adjacent to a 100 mM KCl solution, 𝜁 =
300 mV. While this expression is for a simplified case, it illustrates that an embedded gate 
electrode can be used to actively control the potential within the fluid. 
 We can now extend these concepts to the surface of a pore. In a micron sized pore, 
the Debye length is usually much smaller than the dimensions of the pore, thus the solution 
inside the pore is mostly neutral (figure 4.3a). The electric potential decays rapidly to its 
bulk value on the order of the Debye length, and the concentration of cations and anions 
within the pore is equal to the bulk concentration (figure 4.3c,e). However, if we consider 
a nanopore with a radius less than the Debye length ( 𝑅 < 𝜆), the EDL of the pore walls 
can overlap and the electric potential even at the center of the pore is still effected by the 
surface charge (figure 4.3d). The concentration of ions within the pore is not equal to the 
bulk value and will be dominated by cations, in the case of a negatively charged pore 
(figure 4.3b,d,f). This leads to a cation selective pore.   
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Figure 4.3: Schematic of effect of surface charge in micro and nano channels. (a, c, e) In 
a microchannel the Debye length is usually much smaller than the channel dimensions, 
thus the electrical potential quickly decays to the bulk value and the concentration of 
cations and anions within the pore is the bulk concentration. (b,d,f) In a nanochannel, the 
Debye length is the same order of magnitude as the channel dimensions, thus the EDL from 
either wall overlap. The electric potential and concentration of anions and cations at the 
center of the channel are affected by the charge at the surface and are not equal to bulk 
values. Taken from (Karnik, et al., 2005).  
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 Apart from tailoring the pore dimensions to create EDL overlap, the concentration 
of the ionic solution also plays a role in determining if EDL overlap will occur. At high 
concentrations the Debye length is much smaller than the pore radius R, and bulk behavior 
will dominate inside the pore (figure 4.3a). If the concentration of the solution is decreased, 
than the Debye length can be larger than the pore radius and create an overlap of the EDL 
from the pore walls (figure 4.3d). One can plot the conductance of a given pore against the 
solution concentration to observe where the transition from bulk to surface governed 
behavior takes place (figure 4.4). The green curve represents the bulk conductance model, 
equation 4.6. An additional term can be added to the bulk model to account for surface 
charge governed effects, where the conductance due to surface charge on a negatively 
charged pore can be expressed as (Smeets, et al., 2006) 
 
𝐺𝑠 = 𝜇+
|𝜎𝑠|𝜋𝑑
𝑙
 
(4.17) 
This corresponds to a fixed surface charge and is represented by the blue curve in figure 
4.4. The conductance plateaus at low bulk concentrations because in this regime the Debye 
length is large enough such that the concentration of ions within the pore is determined by 
the fixed surface charge and not the bulk concentration. The red curve, which fits Smeets 
et al.’s experimental data most closely, is a model incorporating a variable surface charge. 
The inclusion of a surface governed conductance term was initially proposed for long pores 
and channels, such as that shown in figure 4.4,  but has been demonstrated to be less 
effective for describing thin membranes (Venkatesan, et al., 2012; Shan, et al., 2013). 
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Figure 4.4: A plot of pore conductance against the bulk ionic concentration for nanopore 
devices from (Smeets, et al., 2006). Black symbols are experimental data points. Green 
curve represents a bulk conductance model (equation 4.1), Blue curve represents a 
conductance model incorporating a fixed surface charge while red curve represents a model 
with variable surface charge. Inset plots surface charge against bulk concentration. Figure 
taken from (Smeets, et al., 2006).  
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 While the Debye length is good measure of the extent of a charge carrier’s effect in 
solution, recently it has been shown a charged surface’s effect in solution can exceed 
beyond the Debye length of the solution (Vlassiouk, et al., 2008). For the case of a thin 
pore where the membrane surface has the same charge as that on the pore wall, ion 
concentrations along the membrane surface become significant in contributing to the pore 
selectivity (Vlassiouk, et al., 2008). In a separate study, it was observed by Rollings et al. 
that thin graphene membranes with nanopores up to 20 nm in diameter show cation 
selectivity over anions in solutions where the Debye length is less than 1 nm. This was 
attributed to a surface-conduction mechanism, where mobile cations drawn to the 
negatively charged surface of the graphene are at an increased concentration in comparison 
to anions. This contributes to a large cation-selective current near the surface, thus causing 
the total ionic current to be cation-selective (Rollings, et al., 2016). 
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Figure 4.5: (a) Diagram of cross section of thin graphene nanopore. Path 1 (dashed line) 
depicts bulk transport mechanism while path 2 (solid line) depicts a surface transport 
mechanism. Color scale indicates the concentration of K+ ions. (b) Concentrations and (c) 
current densities of K+ (blue) and Cl- (red) along each path illustrated in (a). Taken from 
(Rollings, et al., 2016).  
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4.2: Electrically driven fluid transport 
 Ions can be moved by electrical, concentration, thermal and pressure gradients. The 
system of interest to us is that of an electrical current flowing through a pore held at room 
temperature in atmospheric conditions, thus thermal and pressure gradients can be 
neglected. To describe the ionic flux under the influence of both an ionic concentration 
gradient and electric field, we use the Nernst-Planck equation, which represents Fick's law 
of diffusion while accounting for the electrostatic interactions on the diffusion of the ions: 
As described in section 4.1, the Poisson equation describes the electric potential acting on 
the diffusing particles. These two equations can be solved simultaneously to determine the 
internal electric field and concentration profile within a pore. This is known as the Poisson-
Nernst-Planck (PNP) model and has been the starting point for many significant 
calculations describing protein ion channels and solid-state devices (Hille, 2001; Kuyucak, 
et al., 2001). Because this is a continuum approach, the model is not concerned with 
individual particles. It uses average concentrations and assumes ions move in averaged 
electric fields. While these simplifications have proven useful in looking at the behavior of 
macroscopic media, such as a large collective of ion channels in a nerve fiber, or the porous 
network of polymer membranes, they have become less applicable to the nanoscale 
dimensions of single nanopores and single biological ion channels, where the interactions 
between individual particles becomes more significant.  
 An alternative model to describe electro diffusion is Brownian dynamics, where the 
individual trajectories of each ion are calculated in time, so one can witness the path of 
each ion as it is driven by both Brownian motion and electrostatic forces as the ion 
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encounters external fields, local fixed charges and other local ions (Hille, 2001). However, 
one can also arrive at the continuum PNP equation from Brownian dynamics, using 
reasonable approximations (Fluinski, et al., 2005; Kosinska, 2006; Jain, et al., 2015).  
 Let us consider a cylindrical pore of length L and radius R, with the central axis of 
the pore along the z-axis (figure 4.6). There is a distribution of charge along the length of 
the pore in addition to a voltage bias across the pore, which both contribute to the potential, 
𝜙(𝑧). The external component of the potential is the linear voltage drop across the length 
of the pore,  𝜙𝑒𝑥𝑡(𝑧) =  𝑉𝑜 − 𝑈𝑧/𝐿 , where 𝑈 = 𝑉𝑜 − 𝑉𝐿 . The function describing the 
internal component of the potential depends on how the fixed charges are distributed within 
the pore. The Smoluchowski equation describes the distribution of the positions of 
Brownian particles under the influence of forces, such as an external field (Dhont, 1996). 
Following the derivations of (Kosinska, 2006; Fluinski, et al., 2005), the 1-D form of the 
Smoluchowski equation that contains the electrostatic field can be written as, 
 𝜕
𝜕𝑡
𝑐(𝑧, 𝑡) = −
𝜕
𝜕𝑧
𝑗(𝑧, 𝑡) =
𝜕
𝜕𝑧
𝐷𝑒
− 
𝑧𝑖𝑒𝜙(𝑧)
𝑘𝑏𝑇
𝜕
𝜕𝑧
𝑒
𝑧𝑖𝑒𝜙(𝑧)
𝑘𝑏𝑇 𝑐(𝑧, 𝑡) 
(4.19) 
Where 𝑗(𝑧, 𝑡)  is the probability density current describing the flux produced by the 
diffusion of ions, 𝐷 is the diffusion coefficient, and 𝜙(𝑧) is the potential function that 
describes the electrostatic field. 𝑐(𝑧, 𝑡)  describes the local ion concetration, 𝑘𝐵  is the 
Boltzmann constant, 𝑇 is the temperature, 𝑧𝑖 is the ion valence, and e is the elementary 
charge. 
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Figure 4.6: Schematic of cylindrical pore in Cartesian coordinates, with the z axis along 
axis of the pore. The pore has length L and radius R. Vo and VL are the external potentials 
and Co and CL are the concentrations at either end of the pore, respectively.  
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 In one dimension, the stationary overall current is simply the current density 
multiplied by the pore’s cross section area. For the case of a cylindrical pore, 𝐽𝑖 = 𝜋𝑅
2𝑗(𝑧). 
The stationary effective Smoluchowski equation then reads as 
 𝜕
𝜕𝑧
𝑒
𝑧𝑖𝑒𝜙(𝑧)
𝑘𝑏𝑇 𝑐(𝑧) = −
𝐽𝑖
𝜋𝑅2𝐷
𝑒
 
𝑧𝑖𝑒𝜙(𝑧)
𝑘𝑏𝑇  
(4.20) 
Evaluating across the length of the pore from 0 to L, the electrical current resulting from 
the mass current is then 
 
𝐼 = 𝐹𝐽 = 𝐹 𝜋𝑅2
𝐷
𝐿
𝑐𝑜𝑒
𝑧𝑖𝑒?̅?(0)
𝑘𝑏𝑇 − 𝑐𝐿𝑒
𝑧𝑖𝑒?̅?(𝐿)
𝑘𝑏𝑇
∫ 𝑑𝑧
𝐿
0
𝑒
𝑧𝑖𝑒?̅?(𝑧)
𝑘𝑏𝑇
 
(4.21) 
where 𝐶𝑜 and 𝐶𝐿 are the concentrations c(o) and c(L) respectively, and ?̅?(𝑧) is the radially 
averaged potential. It has been demonstrated that equation 4.21 can describe non-linear I-
V characteristics observed in ionic transport across nanopores, linking rectification and 
voltage-activated I-V behaviors in biological and synthetic channels to the shape of the 
underlying potential within the pore, 𝜙(𝑧) , as shown in figure 4.7 (Jain, et al., 2015; 
Kosinska, 2006; Fluinski, et al., 2005; Radenovic, et al., 2008). While this derivation is for 
a cylindrical pore, the model has been generalized to describe a pore with varying cross 
section (Fluinski, et al., 2005).  
 Furthermore, the model has been extended to describe ion selective behavior by 
incorporating ion hydration (Jain, et al., 2015). Ions in solution are surrounded by a shell 
of water molecules, due to the attraction between an ion and the surrounding polar solvent. 
Different ions hold onto their hydration shells more or less tightly than one another, 
depending on the size and charge of the ion. An ion’s hydration energy describes how 
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tightly it holds surrounding water molecules in its hydration shell. When an ion attempts 
to move through a pore smaller than its hydrated diameter, the ion is forced to shed or 
partially shed its hydration shell. Thus, by incorporating into the potential function 𝜙(𝑧) 
the energy penalty associated with shedding a hydration shell, one can reasonably account 
for inter-cation selectivity within the PNP model. 
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Figure 4.7: PNP model fit to non-linear I-V curves. Symbols represent experimentally 
measured I-V curves of transport through a graphene nanopore in 1M KCl (linear (a), 
rectified (b), and activated (c)) with fits from the transport model (lines). Model geometry 
for the graphene nanopore (d). Taken from (Jain, et al., 2015).  
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4.3: Hydrophobic interactions 
 Another mechanism by which to control fluid transport though a pore is 
hydrophobic interactions. In contrast to electrostatic interactions, hydrophobic interactions 
control the transport of water and all species within it. However before discussing 
hydrophobic gating within nanopores, the concepts of surface energy, hydrophobicity and 
electro wetting will be introduced. 
 Short-range forces of attraction existing between molecules are responsible for the 
liquid state, where molecules located within the bulk of a liquid are on average subjected 
to equal forces of attraction in all directions (Shaw, 1980). However molecules located at 
a liquid-air interface experience unbalanced attractive forces resulting in a net pull inward 
toward the bulk (figure 4.8). This makes it energetically favorable for a liquid molecule to 
be in the interior rather than to be located at the surface and for this reason droplets of 
liquid tend to contract into a spherical shape. The surface energy quantifies the disruption 
in the balance of intermolecular forces when a surface is created, and can be defined as the 
work required to increase the area of a surface isothermally and reversibly by a unit amount 
(Shaw, 1980). The short range intermolecular forces that are responsible for surface energy 
include van der Waals forces, hydrogen bonding, for example in water, and metal bonding, 
for example in mercury . Due to hydrogen bonding, the cohesive forces in water are quite 
strong which results in a relatively high value for the surface energy.  
 Wetting describes the displacement from a surface of one fluid by another, therefore 
it involves three phases, at least two of which must be fluids (Shaw, 1980). In the case 
where a droplet of water is in contact with a solid surface, gas is displaced by a liquid at  
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Figure 4.8: Illustration of the intermolecular forces acting on the molecules within the bulk 
and at the surface of a liquid. Moloecules (represented here as circles) within the bulk of 
the liquid experience equal forces of attraction (arrows) in all directions, however 
molecules at the surface experience unbalanced attractive forces (Shaw, 1980).   
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the surface of the solid. A macroscopic measure of the wettability of a material is the 
contact angle. The equilibrium contact angle of a liquid on a solid surface is such that the 
total surface free energy is minimized. This is determined through an equilibrium balance 
at the three phase contact line, relating the surface energies between the water droplet, solid 
substrate, and surrounding air (figure 4.9A). The expression for the contact angle is given 
by Young’s equation, 
 𝑐𝑜𝑠𝜃 =
𝛾𝑠𝑔 − 𝛾𝑠𝑙
𝛾𝑙𝑔
 
(4.22) 
where ϴ is the contact angle, and 𝛾𝑠𝑔, 𝛾𝑠𝑙, 𝛾𝑙𝑔 are the surface energies (J/m
2) at the solid-
gas, solid-liquid and liquid-air interfaces, respectively. Contact angles greater than 90o are 
considered to be hydrophobic, while contact angles less than 90o are considered to be 
hydrophilic. 
 As quantified by the low contact angle, water easily spreads out and wets a 
hydrophilic surface. Thus, hydrophilic surfaces are considered to be high-energy surfaces 
because the can provide the work required to overcome the strong cohesive forces within 
water and create a surface between the water and the solid substrate. Conversely, 
hydrophobic surfaces are considered low-energy surfaces because the energy at the 
interface is not enough to overcome the cohesive forces within water and promote wetting.  
 To controllably change the wettability of a surface, the phenomenon of electro-
wetting can be employed. In a typical electro-wetting set up, a droplet of water is placed 
on top of a dielectric surface and a voltage is applied between the dielectric and the water 
droplet (figure 4.9B).The effect of the applied voltage can be understood through 
thermodynamics, where the suface energy at the interface is considered to be a function of  
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Figure 4.9: (A) diagram of contact angle measurement at the three phase contact line. (B) 
Schematic illustration of electro-wetting phenomena on planer surface. When a voltage is 
applied, the surface between the water and substrate increases, decreasing the contact 
angle.  
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of both chemical and electrical components. Applying a voltage across the interface 
increases the surface energy due to additional charge on the capacitor formed between the 
droplet and the dielectric, thus the contact angle will decrease. 
 With the additional energy stored in the system from the capacitor formed between 
the droplet and the dielectric, Young’s equation is now expressed as 
 
cos 𝜃𝑉 =
𝛾𝑠𝑔 − 𝛾𝑠𝑙 +
𝜀𝑜𝜀𝑑𝑉
2
2𝑑
𝛾𝑙𝑔
= 𝑐𝑜𝑠𝜃 +
𝜀𝑜𝜀𝑑𝑉
2
2𝑑𝛾𝑙𝑔
 
(4.23) 
Where 𝑐𝑜𝑠𝜃 is the original contact angle without the application of an additional voltage, 
and cos 𝜃𝑉  is the contact angle with the application of voltage V. Through molecular 
dynamic simulations, it has been shown that for water residing on a graphene surface, large 
changes in contact angle can be achieved from modest voltages applied to the graphene 
sheet (Ostrowski & Eaves, 2014). 
 With an understanding of what it means to be hydrophobic, we can now turn our 
attention to a hydrophobic nanopore. When hydrophobic surfaces form a confined 
geometry such as a nanopore, it is possible for water within the constrained volume to 
evaporate, creating a vapor gap (Luzar, 2004; Jones, et al., 2015). Spontaneous evaporation 
is controlled by a competition between bulk energetics (favoring the liquid phase) and 
surface energetics (favoring the vapor phase) (Luzar, 2004). For a volume of water 
confined between two approaching planer hydrophobic surfaces of finite size, Luzar 
proposed that the critical distance at which the confined water will transition to vapor can 
be estimated by equating the grand potential of the confined liquid and the confined vapor 
(Luzar, 2004), 
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 Ω𝑙 ≈= −𝑃𝑉 + 2𝐴𝑠𝛾𝑠𝑙 = Ω𝑔 ≈= −𝑃𝑔𝑉 + 2𝐴𝑠𝛾𝑠𝑔 + 𝐴𝛾𝑙𝑔 (4.24) 
where 𝑃  is the bulk pressure and 𝑃𝑔  is the coexisting vapor pressure, 𝑉 = 𝐴𝑠𝐷  is the 
volume of the confined region, 𝐴𝑠 ∝ 𝐿
2is the area of the planar surfaces, and 𝐴𝛾𝑙𝑔 is the 
area of the liquid-vapor interface. For a liquid, one can approximate the difference in 
pressures as 𝜌∆𝜇, where 𝜌 is the number density of the liquid, ∆𝜇 is the difference in 
chemical potential of bulk liquid and the value at liquid-gas coexistence. Using Young’s 
equation, where 𝛾𝑠𝑙 − 𝛾𝑠𝑔 = −𝛾𝑙𝑔𝑐𝑜𝑠𝜃, the critical distance can be expressed as 
 
𝐷𝐶 ≅
−𝛾𝑙𝑔𝑐𝑜𝑠𝜃
𝜌∆𝜇 +
𝑏𝛾𝑙𝑔
𝐿
 
(4.23) 
where b is a geometry dependent constant on the order of unity. For water confined between 
two planer hydrocarbon surfaces, characterized by a contact angle of ~110o, and at ambient 
conditions, the transition from water to vapor is predicted to occur at a critical distance on 
the order of 100 nm (Luzar, 2004). While here the critical distance for transition is 
predicted by thermodynamic equilibrium, it can also be predicted via kinetic theory, by 
investigating capillary evaporation within a confined geometry using atomistic simulations 
(Leung, et al., 2003). From kinetic theory, the critical threshold distance, 𝐷𝐶
𝑘, is shown to 
be much smaller, on the order of a nanometer. Liquid water in the regime between 𝐷𝐶
𝑘 and 
𝐷𝐶  is considered to be in a metastable state (Debenedetti, 1996; Luzar, 2004) (figure 4.10). 
 Through molecular dynamic simulations, this type of hydrophobic barrier has been 
proposed and validated as a mechanism for gating in biological ion channels (Aryal, et al., 
2015; Beckstein & Sansom, 2004; Beckstein, et al., 2001; Beckstein & Sansom, 2003; 
Trick, et al., 2014; Hummer, et al., 2001). The concept of hydrophobic gating was first   
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Figure 4.10: (A) Illustration of the critical distance DC for stable vapor (left) and liquid 
(right) states to occupy the space between two hydrophobic planer surfaces.(B) a graphical 
representation of the spacing required for liquid and vapor states, plotting the fluid density, 
𝜌𝐷  , against the inter-surface separation, D. Dc and Dc
k denote the thermodynamic and 
kinetic threshold, respectively, for the spontaneous evaporation of a confined liquid, the 
area between the two thresholds signifies the space where a metastable liquid may exist. 
Image taken from (Luzar, 2004).   
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carried out on simple model nanopores, where the pore was not physically occluded but 
could be shown to form a hydrophobic barrier as water molecules exhibited stochastic 
liquid-vapor transitions within the pore (figure 4.11). It has since been demonstrated that a 
narrow hydrophobic pore provides a significant energy barrier to ions in addition to water 
(Beckstein, et al., 2004). Thus, a hydrophobic pore with nanometer dimensions can appear 
impermeable to an ion even though the pore radius is much larger than that of the ion itself 
(Beckstein, et al., 2004). 
 Through MD simulations, it has been shown that electro-wetting is at the core of 
hydrophobic gating in biological ion channels. The presence of a transmembrane potential 
can reversibly open a  functionally closed pore (dewetted) to the wetted state by modifying 
the surface energy of the pore walls (Dzubiella, et al., 2004; Vanzo, et al., 2014; Trick, et 
al., 2017). For the case of a biological ion channel, once ions have translocated across the 
membrane there is no longer a concentration imbalance, thus the transmembrane potential 
is reduced and the pore returns to its closed, dewetted state. Additionally, it has been shown 
that hydrophobic nanopores can have an intrinsic ion selectivity resulting from the differing 
dehydration energies of ions (Song & Correy, 2009). 
 The phenomena of hydrophobic gating has recently been demonstrated 
experimentally in solid state nanopore devices (Powell, et al., 2011; Smirnov, et al., 2011; 
Xiao, et al., 2016).  In both studies, pores were treated with a hydrophobic coating and 
were shown to exhibit reversible switching between dry and wet states when a bias voltage 
was applied across the length of the pore with the resulting I-V curves shown to mimic that 
of biological voltage-gated channels (Smirnov, et al., 2011). While the hydrophobic gating 
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mechanism is rooted in the meta-stable state of water near hydrophobic surfaces, it has 
been suggested that the presence of residual trapped gas can also promote the process of 
dewetting (Innes, et al., 2015; Smirnov, et al., 2010). Gaseous nanobubbles residing in 
silicon nitride nanopores are not uncommon and have been detected by (Smeets, et al., 
2006). 
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Figure 4.11: (a) illustration of a cross section though a hydrophobic nanopore. 
Hydrophobic regions are shown in yellow, the membrane is shown in green. (b) liquid-
vapor oscillations occur within a hydrophobic nanopore. The stability of the wetted state 
depends on the pore diameter.(c) the stability of the wetted state also depends on the 
hydrophobicity of the atoms lining the pore walls.(d) The application of a transmembrane 
voltage can open the pore to a wetted state. Figure taken from (Aryal, et al., 2015). 
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CHAPTER FIVE: Voltage gated K+/Na+ selective nanopores from porous graphene 
 This chapter experimentally investigates ionic transport through graphene 
nanopores. Devices with pores ranging from sub-nm up to 350 nm were studied, with a 
subset of the devices exhibiting K+/Na+ selectivity and responsiveness to an applied gate 
voltage.  The mechanisms by which to control ionic transport through a nanopore 
introduced in chapter 4 will prove useful in isolating the mechanism governing the behavior 
of the pores studied here. This chapter borrows heavily from our submitted publication, 
‘Solid State Voltage Gated K+/Na+ Selective Ion Channels from Porous Graphene’, 
currently under review. 
5.1: Device geometry and fabrication 
 The experimental device geometry consist of a monolayer graphene membrane 
suspended over a through hole in a silicon/silicon nitride support chip (figure 5.1). The 
silicon nitride support windows are defined using standard photolithography followed by 
a KOH etch of the underlying silicon. A 3–5 µm diameter through hole is then patterned 
in the center of the silicon nitride window and etched via reactive ion etching (RIE). 
Twenty nanometers of ALD Al2O3 is then deposited, conformally coating the entire support 
chip. This insulating layer of alumina is intended to reduce the likelihood of electrical 
shorting across the silicon support chip. 
 Monolayer graphene was obtained by both mechanical exfoliation and CVD 
growth. For exfoliated devices, graphene was exfoliated via the Scotch tape method onto a 
silicon wafer coated with 90 nm of PVP followed by 200 nm of PMMA. The thickness of  
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Figure 5.1: (A) Schematic of measurement circuit and cross section of device. Graphene 
is suspended over a 5um hole in a silicon nitride window and mounted in a custom 
microfluidic cell in which electrolyte solution is introduced to both sides of the graphene 
membrane. (B) Optical image of exfoliated graphene device, with graphene flake outlined. 
(C) HIM image of CVD graphene with nine 35 nm pores drilled using HIM, device CVD-
6.  
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the stacked polymer substrate allows for graphene to be identified using an optical 
microscope, based on the optical contrast of the flake (Blake, et al., 2007). Once an 
exfoliated graphene flake is located using an optical microscope, the flake’s thickness is 
confirmed using Raman spectroscopy (figure 5.2B). It is then transferred onto the silicon 
nitride support chip following a ‘pick and place’ transfer process based on the method 
described by Dean et al (Dean, et al., 2010) . The graphene, PMMA, PVP, silicon stack is 
attached to a plastic support frame and floated atop a bath of deionized water (Figure 5.2C). 
PVP is a water soluble polymer, consequently the PVP dissolves and the silicon wafer is 
released from the graphene/PMMA/support frame structure and drops to the bottom of the 
water bath. The graphene/PMMA/support frame is than mounted in a custom built micro 
positioner that is used to align the flake over the 5 μm through hole in the silicon nitride 
support chip while viewing through an optical microscope. Using the micro positioner, the 
graphene/PMMA film is then brought into contact with the support chip, adhering the 
graphene flake to the new substrate via van der Waals forces. This transfer method allows 
for precise placement of an exfoliated graphene flake, which would otherwise be randomly 
located on the substrate on which it was exfoliated. After transfer, devices were annealed 
at 340 oC under 200 sccm Ar/100 sccm H2 to remove PMMA residue.  
 CVD synthesized graphene was grown by collaborators at Lockheed Martin 
Advanced Technology Center. After a pre-synthesis anneal of the Cu foil substrate, CVD 
graphene was grown via low-pressure CVD. Following synthesis, the graphene, while still 
on the Cu foil substrate, was irradiated with 500 eV Xe+ ions for a total fluence of 3.7 x 
1013 Xe+/cm2. This process, which has been confirmed via STEM imaging not to introduce   
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Figure 5.2: (A) Optical image of exfoliated graphene flake on PMMA/PVP/silicon 
substrate. Inset is of graphene on silicon nitride substrate after transfer. Scale bars, 25 μm. 
(B) Raman spectra for the exfoliated flake in (A). Monolayer graphene is identified by the 
ratio of the G to 2D peaks (Ferrari, et al., 2006). (C) Schematic of the pick-and-place 
transfer of exfoliated graphene flake onto silicon nitride substrate, adapted from (Dean, et 
al., 2010). (D) Schematic of CVD transfer process. (1) copper substrate is etched away 
from graphene in APS, (2) copper etchanant is exchanged with DI water solution, (3) SiN 
support chip is used to scoop up graphene from the surface of water bath, (4) sample is left 
to dry. Adapted from (Ondarcuhu, et al., 2013).  
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defects into graphene, is done so that the graphene may be reliably transferred without use 
of a sacrificial polymer layer. The Cu foil substrate was then etched away with ammonium 
persulfate and the CVD graphene was transferred, without a sacrificial carrier layer, over 
the 5 µm through hole in the silicon nitride window. Once transferred, the graphene was 
exposed to 180 seconds of UVO to reduce hydrocarbon surface contamination. Through 
STEM imaging, this was confirmed not to introduce defects into the single-layer graphene 
itself. 
 In both exfoliated and CVD synthesized graphene devices, the gold gate electrode 
was patterned in contact with the graphene using standard photolithography. For CVD 
graphene devices, the entire silicon nitride chip is covered with a layer of CVD graphene, 
thus a shadow mask can be used to pattern the gate electrode at the edge of the support 
chip, away from the suspended graphene area. This is advantageous as it preserves the 
cleanliness of the suspended CVD graphene by not introducing additional polymers that 
could potentially leave residues on the graphene membrane. Because exfoliated graphene 
flakes are only 10–50 μm in size, the gate electrode must be patterned close to the 
suspended area and thus requires the use of photoresist to define the gate electrode. Five 
nanometers of chromium followed by 60 nm of gold are then deposited via thermal 
evaporation. In the case of exfoliated devices, an additional layer of photoresist (Shipley 
S1818) was patterned and hard baked (180 oC) over the gold electrode to electrically isolate 
the gold from the electrolyte solution.  
 Pores were introduced into graphene devices by several methods. To introduce 
pores into exfoliated graphene, devices were exposed to temperatures up to 200o C while 
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in air during the fabrication process. This likely introduced defects in the graphene via 
oxidation that enlarged into pores after exposure to 0.1M HCl (Yamada, et al., 2014; 
Coleman, et al., 2008; Bouleghlimat, et al., 2013). 
 CVD graphene samples were perforated by four different methods: 
(1) Hyperthermal Xe+ irradiation with low-pressure atmospheric background:  
Samples were baked overnight at an elevated temperature under vacuum. Xe+ 
irradiation with a fluence on the order of 1013 Xe+/cm2 was performed using a 
custom-built ion chamber incorporating a Kaufman ion source, at an elevated 
temperature with an initial background pressure of 10-4 Torr of air before 
starting the source.  
(2) Hyperthermal Xe+ irradiation in vacuum: Samples were irradiated with the 
same chamber as described above, however with fluences on the order 1014 
Xe+/cm2 and performed with an initial background pressure of 10-6 Torr prior 
to starting the source. 
(3) Site specific focused helium ion drilling: For HIM drilling, pores were drilled 
using a Zeiss ORION NanoFab scanning HIM equipped with a gas field ion 
source (GFIS) using He+ ions at 25 kV. Small pores were drilled with a 
stationary beam in defined locations with a beam current of 0.5–2.0 pA, and a 
dwell time of 52 ms per pore. Larger pores were drilled by defining a pattern 
and dwelling the beam with a 1 nm pixel spacing over that region with a dose 
on the order of 1 nC/µm2. 
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(4) Broad (defocused) helium ion irradiation: Samples were again irradiated with 
the HIM using He+ ions at 25 mV with a broadened 2 µm diameter beam for a 
total fluence of 8x1016 He+/cm2. This was followed by 300 seconds of UVO. 
 Figure 5.3 depicts SEM and/or STEM images of pores in suspended graphene 
devices, while figure 5.4 shows pore size and distribution data for the CVD graphene 
devices perforated via Xe+ irradiation. The variety of perforation methods were utilized in 
order to explore a large range of pore sizes, which would be otherwise unattainable using 
a single perforation method. Scanning transmission electron microscopy (STEM) imaging 
of the perforated CVD graphene membranes confirmed devices were made via Xe+ 
irradiation with pores ranging from ≤1 nm, ~1–5 nm, or ~1–20 nm. HIM drilling produced 
single pores ranging from ~25 nm to ~250 nm in diameter. Additionally, the graphene on 
two devices tore to produce a single ~240 nm diameter pore and ~350nm diameter pore, 
respectively. Table 5.1 summarizes the pore size and perforation methods for each device 
 Lastly, we should note the variety of perforation methods also results in variation 
in the molecular species terminating the pore sites, charge on the membrane, as well as the 
surface energy of the graphene. Devices that were exposed to oxygen during perforation 
(method 1) as well as those exposed to UVO (method 4) likely had a higher surface energy 
than devices perforated in vacuum. These considerations likely contribute to the variation 
in observed behavior, which we will discuss in more detail later in the chapter. 
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Figure 5.3: Composite STEM images (CVD-1 – CVD-4, CVD-10, HBN-1, HBN-2), HIM 
images (CVD-5 – CVD-9, CVD-11) and SEM images (EXF-1, CVD-12, CVD-13) of 
porous graphene and h-BN devices. Scale bar is 1 µm, unless otherwise noted.  
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Figure 5.4:.Pore size and distribution for Xe+ irradiated devices. (A) CVD-2, (B) CVD-3, 
and (C) CVD-10. Inset is a representative high magnification STEM image of select pores.  
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Table 5.1: Catalog of the 14 porous graphene devices measured. Pore size, perforation 
method and corresponding I-V behavior. 
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5.2: Experimental design aspects 
 After perforation, the graphene on silicon nitride devices were mounted in a 
custom-made microfluidic cell, allowing for the introduction of electrolyte solution to both 
sides of the graphene membrane. The custom built microfluidic cell consists of a PDMS 
microchannel with three access ports, and was designed to allow for electrical and optical 
access to the top side of the graphene membrane (figure 5.5). Two microchannels, 50 µm 
tall and 2000 µm wide, were patterned into PDMS and bonded to a glass slide. Inlet ports 
are punched into the PDMS, with the graphene on silicon nitride chip mounted over the 
center ports that connect the two underlying microchannels. The silicon nitride support 
chip is mounted on the center port and adhered with PDMS, creating a seal to separate the 
reservoirs on either side of the graphene. Solution is then gently introduced to the 
microchannel and subsequently the bottom side of the membrane using a syringe pump. A 
drop of solution is placed on the top side of the device to create the opposing reservoir of 
solution.  
 Graphene membranes were first rinsed with ethanol for 2 minutes followed by 
deionized water to facilitate wetting of the nitride membrane. Once graphene devices were 
introduced to fluid, at least one side of the membrane remained in solution for the duration 
of the experiments. Devices were exposed to electrolyte solution for 5–10 minutes before 
conductance measurements were carried out, to allow the system to equilibrate. Solutions 
were left unbuffered to avoid any potential interactions between the graphene and solutes.  
For the duration of the experiments, solution pHs were within the range of 5.91 – 6.38. The 
slight acidity is due to the unbuffered solutions equilibrating with dissolved carbon dioxide   
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Figure 5.5: Optical images of (A) top view and (B) side view of graphene on silicon 
support chip mounted in microfluidic cell. (C) schematic of microfluidic cell. Microfluidic 
cell consists of microchannels patterned into PDMS block and plasma bonded to 
underlying glass slide (Underlying glass slide measures 1”x 3”). Graphene coated silicon 
nitride chip is adhered to the PDMS block using PDMS. 
 
Figure 5.6:.Pore conductance for device CVD-11 displaying cation selectivity at 0.1M Cl- 
concentration. Electrolyte solutions were measured in the order listed in the legend. This 
order does not correlate with ion size or hydration energy and alternates back and forth 
between solutions.  
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from the air. To change the electrolyte solution, the microfluidic cell was first flushed with 
deionized water for 8 minutes, and then the new electrolyte was introduced. To ensure the 
observed selectivity was not an artifact of switching between solutions, the order in which 
different salt solutions were measured was varied, and we repeatedly alternated back and 
forth between salt solutions to confirm the differences in conductance were stable. An 
example of this is shown in Figure 5.6. For extended storage, devices were stored in either 
deionized water or 0.1M KCl at 4o C.  
 Measurement of conductance across the graphene membrane was carried out by 
applying a bias voltage across the device and measuring the resulting current (figure 5.1 
A). From 0 mV, the voltage was ramped up to 500 mV, down to -500 mV and back to 0 
mV. I-V characteristics were measured with a DL Instruments model 1211 current 
preamplifier with silver/silver chloride electrodes at a sampling speed ranging from 1 – 10 
mV/s. A schematic diagram of the equivalent sensing circuit is shown in Figure 5.7. 
Conductance values were calculated by taking a linear fit of the I-V curve for +/- 50 mV 
around Vs = 0 mV. 
 Conductance measurements were carried out in five different electrolyte solutions 
(KCl, NaCl, LiCl, CaCl2, MgCl2) and at different concentrations ranging from 1 M down 
to 10-7 M. In order to measure selectivity, the concentrations used to measure conductance 
were chosen to maintain a consistent Cl- ion concentration across experiments comparing 
both monovalent and divalent ions; for example 100 mM concentration for monovalent 
ions and 50 mM concentration for divalent ions. This ensured that differences in 
conductance were due to differences in ion mobility and not from differences in bulk   
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Figure 5.7:.Equivalent circuit diagram for graphene nanopore device mounted in the 
experimental set up. Due to asymmetries in the device and microfluidic cell, the solution 
resistance, leakage resistance and leakage capacitance are not necessarily the same on 
either side of the membrane, hence the subscripts 1 and 2. 
 
 
Table 5.2:.Measured bulk conductivities of electrolyte solutions used in this study. 
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conductivity. The bulk conductivities of the solutions used in this study were confirmed 
using Mettler Toledo S230 SevenCompactTM conductivity meter with InLab® 731 ISM 
probe for concentrations ≥ 10-2 M and InLab® 741 ISM probe for concentrations < 10-2 M. 
Values for bulk conductivity are shown in table 5.2. 
 The application of a gate voltage could also be applied to the graphene while 
sweeping the bias voltage across the device. As mentioned in chapter 3, while applying a 
gate voltage to the graphene membrane it is possible for electrochemical processes to take 
place where graphene is exposed to solution. Literature has demonstrated the graphene 
basal plane to be quite stable in monovalent and divalent salt solutions at low voltages, 
while graphene edge sites are shown to be significantly more reactive than the basal plane 
(Banerjee, et al., 2013; Li, et al., 2011; Yuan, et al., 2013; Valota, et al., 2011). While 
electrochemical effects are a consideration, leakage current between the source/drain and 
the gate were measured with various concentrations of KCl solution to ensure the leakage 
current was well below the measured pore conductance. This is shown in figure 5.8 for 
device EXF-1. Gating behavior was measured when sweeping the bias voltage and holding 
the gate voltage constant, as well as when sweeping the gate voltage and holding the bias 
voltage constant. 
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Figure 5.8: (A) Leakage current in device EXF-1 from gate to drain, with the source 
floating, for different concentrations of KCl. (B) I-V curves for device EXF-1 in 0.1M KCl 
with the gate swept from -500 mV to 500 mV under source voltages ranging from 0 mV to 
300 mV.  
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 Several control experiments were carried out to verify that the measured current 
was passing through the graphene pore(s) and not leaking through the graphene/silicon 
nitride interface or elsewhere (figure 5.9). The following control devices were measured: 
(1) ALD alumina coated silicon nitride membrane with no through-hole, no 
graphene. Isolate transport through silicon nitride membrane and through the 
PDMS sealing device within microfluidic cell.  
(2) ALD alumina coated silicon nitride membrane with 5 µm through-hole, no 
graphene. Determine limiting conductance for nitride through-hole. 
(3) ALD alumina coated silicon nitride membrane with 5 µm through-hole, 
suspended unperforated CVD graphene. 
(4) ALD alumina coated silicon nitride membranes with 5 µm through-hole, 
suspended single layer exfoliated graphene not exposed to oxidation. Isolate 
transport through graphene/silicon nitride interface. 
(5) ALD alumina coated silicon nitride membrane with 5 µm through-hole, thick 
suspended exfoliated graphene (10+ layers) exposed to oxidation. Thick 
devices ensure that defects introduced do not produce any pores spanning across 
the graphene membrane. Isolate transport through graphene/silicon nitride 
interface and determine if oxidation process changes transport through 
graphene/silicon nitride interface. 
Leakage conductance was measured to be less than 55 pS in 0.1 M KCl and less than 140 
pS in 1.0 M KCl for type (1) control devices. The limiting conductance through type (2) 
control devices was measured to be on the order of μS for 0.1 M KCl. For type (3) and type 
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(4) control devices, conductance was less than 60 pS in 0.1 M KCl and less than 280 pS in 
1.0 M KCl. Four type (5) control devices were tested. Three of the four type (5) devices 
displayed leakage current less than 150 pS in both 0.1M KCl and 1.0M KCl. One type (5) 
device displayed appreciable leakage current, however this device exhibited behavior 
significantly different from the porous graphene devices that will be described in section 
5.3. This device showed highly rectified behavior, current was unstable, and the device did 
not exhibit the selectivity nor the gating response observed in the porous graphene devices 
(figure 5.10). The likelihood of leakage through the graphene/silicon nitride interface in 
oxidized graphene devices varies from one device to the next and is dependent on the 
adhesion of the graphene to the silicon nitride surface. While we cannot rule out leakage 
current through the graphene/silicon nitride interface contributing to the overall 
conductance, from these controls we can conclude that the stable, selective, gating behavior 
observed below in section 5.3 is not a result of transport through the interface.  
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Figure 5.9: Illustration of control devices and leakage pathways measured, corresponding 
to the five types of devices listed above. 
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Figure 5.10: I-V behavior from a singular abnormal control device. One type (5) control 
device exhibited (A) unstable pore conductance in 0.1 M KCl (arrow indicates increasing 
time) and (B) non-selective I-V behavior in electrolyte solutions at 0.1M Cl- concentration. 
(C) Gating behavior in 0.1M KCL under gate voltages ranging from 0 mV to -500 mV.  
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5.3: Graphene nanopore conductance: activated I-V characteristics, inter-cation 
selectivity and gate response 
 Ionic conductance was first measured in the two-terminal configuration across each 
device, with the gate terminal floating. For the exfoliated graphene device (EXF1), linear 
I-V characteristics were observed for KCl; however, non-linear (activated) I-V 
characteristics were seen using NaCl and LiCl as the electrolyte (figure 5.11a). Similar 
activated and highly selective behavior was observed in the CVD graphene sample with 
nine approximately 35 nm pores, device CVD-6 (figure 5.11c). Although more 
pronounced, the activated I-V behavior seen in this device is analogous to that displayed 
by NaCl and LiCl in device EXF-1. 
 To account for the differences in bulk conductivity, we plot the normalized 
conductance for each cation-chloride solution 
 
𝑔𝑖 =  
𝐺𝑖
𝜎𝑖/𝜎𝐾𝐶𝑙
 
(5.1) 
where 𝐺𝑖 is the measured nanopore conductance in solution i, 𝜎𝑖 is the bulk conductivity 
of solution i and 𝜎𝐾𝐶𝑙 is the bulk conductivity of KCl at a comparable Cl
- concentration 
(table 5.2). The normalized conductance reveals the pore(s) to be highly cation selective, 
with significant preference for K+ over other cations measured (figure 5.12).  For Vs = 0 
mV, the normalized conductance of KCl was approximately four times greater than NaCl, 
six times greater than LiCl, and approximately 100 times greater than the divalent ions 
measured. The absence of conductivity in CaCl2 and MgCl2 suggests that cations are the 
dominant charge carriers.  
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Figure 5.11: I-V curves for (A) device EXF-1 and (B) device CVD-6. Gating behavior for 
(C) device EXF-1 and (D) device CVD-6. All solutions are at 0.1M Cl- concentration.   
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Figure 5.12: Normalized conductance across porous graphene device EXF-1. 
Conductance taken at Vs = 0 mV. All solutions are at 0.1 M Cl
- concentration.  
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 Next, a gate voltage was applied to the graphene to modulate the ionic current. 
Figure 5.11B, D demonstrate the ionic current response to changes in the gate voltage. As 
a more negative gate voltage is applied, the ionic current increased. As positive gate voltage 
is applied, there was no significant change in the ionic conductivity. This unipolar behavior 
is similar to a p-type FET device, again suggesting that cations are the majority charge 
carriers; consistent with 2 terminal measurements (Fan, et al., 2008; Nam, et al., 2009; 
Karnik, et al., 2005). Gating behavior was observed in device EXF-1 for KCl solutions 
ranging from 1 mM to 1 M concertation. 
 To characterize the cation selectivity of a device, we define the selectivity ratio as 
Si = gi /gKCl. This definition gives a selectivity ratio of 1 for a pore that does not distinguish 
between cation i and K+. Of the 14 porous graphene devices measured, the reported 
nonlinear I-V behavior accompanied by high selectivity, which we defined as Si <0.5, was 
observed in eight devices (figure 5.13, table 5.1). Devices with a pore greater than 100 nm 
in diameter (CVD-12, CVD-13) displayed linear I-V characteristics and did not show 
cation selective behavior.   
 Pores remained fairly stable over the course of experiments (figure 5.14A–C). A 
measured device could be stored for several weeks in deionized water and after 
reintroducing electrolyte, still produced behavior similar to the original I-V curves. 
However, after gated measurements select devices did exhibit a long recovery time, taking 
several hours to days for the device to return to its initial conductance state. Additionally, 
applying too large of a gate voltage caused an irreversible increase in the transmembrane 
conductance. While the selectivity of most pores remained stable, the degree of selectivity   
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Figure 5.13: Selectivity ratio SNa (orange), SLi (purple), SCa (Cyan) and SMg (pink) for the 
14 porous graphene devices measured in this study, ordered according to selectivity. The 
dotted line indicates a selectivity ratio of 0.5. Device CVD-1 and CVD-2 did not have 
appreciable conductance, thus a selectivity ratio was not measured. See table 4.1 for details 
on specific devices.  
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Figure 5.14: (A–C) Pore conductance for device CVD-10 in 0.1M KCl, 0.1M NaCl and 
0.1M LiCl solutions, measured periodically over 19 days. (D–E) depict the pore 
conductance (Vg=float) for device CVD-10 in 0.1 M Cl
- concentration on (D) Day 19 and 
(E) after extended exposure to Vg= -500 mV in 0.1M NaCl on Day 67. Selective behavior 
remained while overall conductance and degree of selectivity increased.  
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in device EXF-1 and CVD-10 did vary, correlating with changes in the pore conductance 
over time. (figure 5.14D, E). 
 For the subset of devices containing HIM drilled pores, we measured the 
conductance of various ions for individual pores with an imaged diameter ranging from 23 
nm – 250 nm. The conductance for devices with multiple pores were normalized to a single 
pore by dividing the total conductance by the number of pores in the device. We observe a 
linear increase in conductance and corresponding decrease in selectivity vs. pore diameter, 
which is in qualitative agreement with equation 4.7 for the case of d >> l (figure 5.15). 
However, experimentally measured conductance values are significantly lower than what 
is predicted by equation 4.7, using the measured bulk conductivity (table 5.2). For the 
largest imaged pore (d = 245 nm), the measured conductance is approximately 10 times 
less than what would be predicted by equation 4.7. 
  
  
92 
 
 
 
 
 
Figure 5.15: Conductance (open circles) in 0.1 M KCl and corresponding sodium 
selectivity ratio (SNa) for devices with HIM drilled pores.  
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5.4: Cation-anion selectivity 
 The absence of conductivity using CaCl2 and MgCl2 solutions along with the 
unipolar gate response suggests that the dominant charge carriers are cations. To further 
confirm that cations are indeed the majority charge carriers, two experiments were 
conducted: (i) conductance measurements with asymmetric ion concentrations and (ii) 
conductance measurements with asymmetric ion conditions.  
 For the first experiment, with asymmetric ion concentrations, I-V curves were 
measured with several different concentration gradients across the pore (figure 5.16). KCl 
solutions were used because K+ and Cl- have similar bulk mobilities, removing the effects 
of a liquid junction potential. When there is no bias voltage applied, both K+ and Cl- ions 
will diffuse from the higher concentration to the lower concentration reservoir. A net 
current is produced only if one ion diffuses faster than the other. In figure 5.16, at Vs = 0, 
the zero-bias current becomes more negative as the concentration gradient increases. The 
direction of the current offset is consistent with a net flow of cations from high to low 
concentration. This is an indication that the pore is cation selective. A more quantitative 
measure of the ion selectivity is to use the reversal potential, the applied bias voltage at 
which the net current is zero. 
 The Goldman-Hodgkin-Katz (GHK) voltage equation relates the reversal potential 
to the ion concentration and the permeability of the membrane to a given ion species. It is 
derived from the Nernst-Planck equation, which describes the flux across the membrane as 
determined by the concentration gradient and the applied electric field. If one assumes that 
the ions act independently and that the potential drop across the membrane is linear, than   
  
94 
 
 
Figure 5.16: (A) Schematic of reversal potential measurements. A concentration gradient 
and electric potential are simultaneously imposed across the nanopore and I-V behavior is 
measured. (B) The resulting I-V curves for several concentration gradients, indicated in the 
legend.  
  
95 
one will arrive at the GHK equation from Nernst-Plank (Hille, 2001). The GHK voltage 
equation for a solution with only KCl is written as 
 
𝑉𝑟𝑒𝑣 =
𝑘𝐵𝑇
𝑒
ln (
𝑃𝐾𝑐ℎ𝑖𝑔ℎ + 𝑃𝐶𝑙𝑐𝑙𝑜𝑤
𝑃𝐾𝑐𝑙𝑜𝑤 + 𝑃𝐶𝑙𝑐ℎ𝑖𝑔ℎ
) 
(5.2) 
Where 𝑐ℎ𝑖𝑔ℎ and 𝑐𝑙𝑜𝑤 are the solution concentrations on either side of the membrane, and 
𝑃𝐾 and 𝑃𝐶𝑙 are the relative permeabilities of each ion. The relative permeability of an ion 
depends on its diffusion coefficient and partition coefficient. In this context, the selectivity 
ratio, 𝑆𝐺𝐻𝐾 can be defined as the ratio of permittivities, 𝑃𝐾/𝑃𝐶𝑙, thus the GHK equation can 
be rewritten as 
 
𝑉𝑟𝑒𝑣 =
𝑘𝐵𝑇
𝑒
ln (
𝑆𝐺𝐻𝐾 +
𝑐𝑙𝑜𝑤
𝑐ℎ𝑖𝑔ℎ
𝑆𝐺𝐻𝐾
𝑐𝑙𝑜𝑤
𝑐ℎ𝑖𝑔ℎ
+ 1
) 
(5.3) 
Plotting the reversal potential against  
𝑐𝑙𝑜𝑤
𝑐ℎ𝑖𝑔ℎ
, and carrying out a least squares fit to solve for 
𝑆𝐺𝐻𝐾, this devices shows over a two order of magnitude preference for K
+ over Cl-. The 
potential across the membrane was adjusted for the electrodes’ redox potential using the 
Nerst equation. Highly cation selective behavior in graphene nanopores has also been 
observed in recent studies done by (Rollings, et al., 2016) and (Walker, et al., 2017). 
 In the second experiment, I-V curves were measured with one reservoir containing  
50 mM CaCl2 solution while the opposing reservoir contained 100 mM of KCl. 
Concentrations were chosen to maintain a constant Cl- concentration. In this configuration, 
we observed highly rectified behavior (figure 5.17B, C). Since the Cl- concentration on 
either side of the membrane is the same, the rectified behavior demonstrates that the pores 
are indeed selective to cations, eliminating the distinct possibility that the current may be 
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carried by anions but modulated by cations. The strong rectification is a result of Ca2+ 
having a much lower permeance across the membrane than K+, consistent with the 
observations in section 5.3. Both experiment (i) and (ii) confirm the conclusion that cations 
are the majority charge carriers. 
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Figure 5.17: (A) Symmetric ion conditions for both KCl and CaCl2 at 0.1 M Cl
- 
concentration. (B–C) Asymmetric ion conditions in 0.1 M Cl- concentration, with (B) KCl 
on the source side of the membrane and (C) CaCl2 on the source side of the membrane.  
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5.5: Concentration and pH dependence 
 To better understand the observed selective behavior and gate response, we 
measured the conductance across ion selective device CVD-10 in electrolyte solutions with 
concentrations ranging from 1M to 10-7 M. Non-linear I-V behavior remained at all 
concentrations measured (figure 5.18A). For the three different electrolytes measured, bulk 
behavior dominates at high concentrations, while at low concentrations the behavior 
deviates from bulk and plateaus to a surface charge governed regime (Venkatesan, et al., 
2012; Shan, et al., 2013) (figure 5.18B). The plateaus occur at a similar conductance which 
would indicate that the surface charge on the graphene is constant across the different 
electrolyte solutions. In the bulk regime however, the conductance increases with 
concentration and maintains ion selectivity greater than expected given bulk ion mobility 
(figure 5.18B).  
 In addition to concentration dependence, pH dependence was also explored. I-V 
curves were measured in symmetric conditions of 0.1M KCl solutions with varying pH. If 
the graphene surface was negatively charged with deprotonable oxygen-containing species 
(-OH groups), then the surface charge would be negative at neutral pH values and 
neutralized in acidic solutions, causing the conductance at lower pH values to be greater 
than at higher pH values (Rollings, et al., 2016). The conductance shown in figure 5.19 
looks to demonstrate this effect, where the conductance is observed to increase with 
increasing pH (figure 5.19). The large negative surface charge would attract a high 
concentration of cations near the surface compared to anions, contributing to a large cation-
selective current. This is consistent with the results presented in section 5.4. 
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 Additionally, both the pH and concentration dependence observed in our graphene 
nanopore devices were different from that observed by (Feng, et al., 2016) in MoS2 
nanopores, thus eliminating ionic Coulomb blockade as the explanation of activated I-V 
characteristics.   
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Figure 5.18 (A) Pore conductance across device CVD-10 in KCl solutions of varying 
concentration. Measured on Day 19. Non-linear, activated I-V behavior remains across 
varying concentrations, however ‘activation voltage’ is lower as the concertation increases. 
(B) Measured pore conductance at Vs = 0 mV as a function of electrolyte concentration for 
device CVD-10. Measured on Day 85. Deionized water was measured to give the data 
points at 10-7 M.  
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Figure 5.19: (A) I-V curves measured across graphene nanopore in 0.1M KCl solutions 
with varying pH. (B) Conductance plotted against pH conditions. The .conductance is 
observed to monotonically increase with increasing pH, different than the pH dependence 
witnessed in MoS2 nanopores displaying ionic Coulomb blockade (Feng, et al., 2016).   
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5.6: Understanding the mechanism for selectivity and gate response 
 The observed selectivity and activated I-V behavior in figure 5.11 scale with the 
trend in hydration energy among the measured cations: K+>Na+>Li+>Ca+>Mg+ (Hille, 
2001), where cations with the largest measured conductance have the lowest hydration 
energy. This suggests that dehydration may play a role in the observed ion selective 
behavior. Additionally, the ability to detect a direct electrostatic gating response is 
dependent on the Debye screening length (~1 nm and ~0.3nm in 0.1 M and 1M KCl, 
respectively).  Selective, gate responsive devices were observed to have a gate response in 
KCl solutions up to 1 M concentration. These results suggests a steric exclusion 
mechanism, similar to that outlined in section 4.2, where activated and selective behavior 
can result from a pore on the same order of size as the translocating ion. However, from 
extensive STEM imaging, it is clear our pores are much larger than what would be required 
for steric exclusion to occur. The experiments carried out in sections 5.4 and 5.5 confirm 
cation over anion selectivity, suggesting negative surface charge plays a role in the 
governing transport mechanism. However, charge alone cannot account for inter-cation 
selectivity between monovalent ions.  
 The low conductance in the measured devices suggests an additional barrier to 
transport. It is well known that airborne hydrocarbons quickly adsorb onto a graphene 
surface when exposed to ambient conditions (Li, et al., 2013). This drastically alters the 
surface energy of the graphene film and consequently the hydrophobicity (Kozbial, et al., 
2014). This has been observed in DNA translocation experiments using graphene 
nanopores, where it is common to apply a post-perforation treatment, directly before 
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experimentation, to increase wettability of the graphene surface and to prevent clogging of 
the pore (Venkatesan, et al., 2012; Merchant, et al., 2010; Schneider, et al., 2013; Shan, et 
al., 2013). This treatment often takes the form of oxygen plasma or UV/Ozone exposure. 
While UVO treatment can etch and remove adsorbed hydrocarbons, it can also etch the 
graphene itself, potentially introducing new pores or enlarging existing pores before 
hydrocarbons are completely removed (Liu, et al., 2008; Koenig, et al., 2012). 
 To confirm that hydrocarbon surface adsorbates play a role in governing the 
observed behavior, we measured the conductance and selectivity through single pores in 
h-BN, which has a high oxidation resistance and can withstand UVO treatment without 
being etched (Chen, et al., 2004; Zhou, et al., 2013). Two h-BN devices were fabricated in 
the same way as exfoliated graphene devices and a single pore was introduced into each 
device via HIM drilling. Upon initial measurements of the device, the pore conductance 
was well below what would be predicted by equation 4.7 given the imaged pore size. After 
incremental exposure to UVO treatment, the conductance increased gradually and then 
plateaued (figure 5.20). The ion selectivity was measured for the h-BN device shown in 
figure 5.20B at time t = 4 minutes and t = 13 minutes. The corresponding I-V curves are 
shown in figure 5.20C and D, respectively.  
 Analogous to the graphene devices, selective, non-linear I-V behavior was 
observed in the h-BN devices when the pore conductance was low.  After hydrocarbon 
adsorbates were removed via UVO treatment, the devices displayed linear I-V behavior, 
more consistent with the imaged pore size (figure 5.20B, D). Utilizing h-BN instead of  
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Figure 5.20: Changes in conductance (solid circles) in response to UVO treatment for (A) 
device HBN-1, with an approximately 80 nm diameter pore, and (B) device HBN-2, with 
an approximately 30 nm diameter pore. Insets depict MAADF STEM images of respective 
pores prior to UVO treatment. Scale bars (A) 100 nm, (B) 20 nm. I-V curves for device 
HBN-2 at (C) t = 4 minutes and (D) t = 13 minutes. Selectivity ratios (solid triangles) in 
(B) are calculated from I-V curves in (C) and (D). Conductance is measured in 0.1M Cl- 
solutions.  
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graphene ensures that we are not introducing new pores and only removing surface 
adsorbates with the UVO treatment. 
 While hydrocarbon adsorbates play a role in the governing mechanism, the above 
experiment is indistinct about whether hydrocarbon adsorbates create a physical barrier 
within the pore or that their presence on the surface modifies the surface energy such that 
it is unfavorable for the pore to wet. To address this, the pore conductance of a graphene 
device was measured in a 0.1 M aqueous LiCl solution as well as a 0.1 M ethanol based 
LiCl solution. While the concentration of the solute is the same for both solutions, the 
solvents differ in their surface energies, 𝛾𝑤𝑎𝑡𝑒𝑟−𝑎𝑖𝑟 = 72.86 
𝑚𝐽
𝑚2
 , 𝛾𝑒𝑡ℎ𝑎𝑛𝑜𝑙−𝑎𝑖𝑟 = 22.39 
𝑚𝐽
𝑚2
 
(Adamson & Gast, 1997; Pallas & Harrison, 1990), and bulk conductivities, measured to 
be 10.66 mS/cm and 1.543 mS/cm for 0.1 M LiCl in water and 0.1 M LiCl in ethanol, 
respectively.  
 Figure 5.21 shows the I-V behavior for aqueous and ethanol based LiCl solutions 
across a graphene device. We observe a large, linear conductance for the ethanol based 
solution, while the conductance in the aqueous solution is minimal. If the pores were fully 
wet but physically occluded by hydrocarbon adsorbates, then one would expect the pore 
conductance of the water and ethanol solutions to scale according to their bulk 
conductivities. However, this is not the case, suggesting that the pores are not physically 
occluded, but that it is more difficult for the aqueous solution to enter the pore than for the 
ethanol based solution. Additionally, we observe that the conductance for the ethanol based 
solution is fairly consistent with the imaged pore size, following equation 4.7. 
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 These results corroborate that the graphene devices in this study have an increased 
hydrophobicity due to adsorbed hydrocarbons and therefore a de-wetted stated within the 
pore is favorable. This suggests hydrophobic gating as the likely governing mechanism for 
the observed behavior. Hydrophobic gating can explain how a pore much larger than the 
translocating ions can still exhibit inter-cation selectivity. Additionally, the activated I-V 
behavior as well as the gate response are likely a consequence of electro-wetting, where 
the surface energy, and therefore the wettability of the pore, are modified by the applied 
voltage. 
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Figure 5.21: I-V curves in aqueous and ethanol based 0.1M LiCl solutions across graphene 
device containing nine approximately 25 nm pores drilled using the HIM. Measurements 
were carried out in the order shown in the legend, alternating between the two solutions.  
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5.7: Conclusions 
 Nanopores introduced into graphene membranes were shown to demonstrate 
unparalleled levels of selectivity within a solid state device and conductance through the 
pores was modulated by an applied gate voltage. Experimental results suggest that 
hydrophobic gating is a likely governing mechanism for the observed behavior. The next 
step in this investigation is to explore the details of the mechanism, such as the stability of 
a vapor gap or air bubble residing in such a low aspect ratio geometry. Nevertheless, this 
novel demonstration of K+/Na+ selectivity and gate responsive behavior within a solid state 
device is an exciting advancement in separation and sensing technologies, by providing a 
solid state analog to voltage-gated biological ion channels.  
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CHAPTER SIX: Towards light responsive MoS2 nanopores 
 Since graphene’s first isolation, other two dimensional materials have begun to 
emerge; all with unique mechanical, chemical and optoelectronic properties. One could 
imagine utilizing this diverse array of two dimensional materials to engineer a tool box of 
stimuli responsive nanopores, analogous to the plethora of biological ion channels each 
with unique capabilities. Mechanically responsive pores have been investigated 
computationally, demonstrating that a pore in MoS2 can be opened from a closed state 
when under tensile strain (Li, et al., 2016). Optically gated nanopores have also been 
investigated. The application of low-power visible light to silicon nitride nanopores was 
shown to control the charge on the surface of the pore, influencing the ionic conductance 
and translocation dynamics of DNA and proteins (Fiori, et al., 2013).  
 MoS2 is known to have superior optoelectronic properties, making the material a 
promising candidate to be utilized in the optical control of nanopores (Lopez-Sanchez, et 
al., 2013). The study outlined in this chapter was carried out to investigate the effect of 
light on a MoS2 nanopore operating in an ionic solution. 
6.1: Experimental design and preliminary results 
 MoS2 was synthesized via CVD using the growth recipe described in (Lloyd, et al., 
2016).  A powder source of MoS2 was placed in the central heating zone of the tube furnace 
(Lindberg Blue) and a SiO2 substrate was placed in a cooler region downstream. The 
system was brought down to 10 mTorr and 60 sccm of Ar was allowed to flow as a carrier 
gas, along with 0.1 sccm of O2 and 1 sccm of H2 gas. The furnace was heated to 900
oC and 
held for 15 minutes, after which it was left to cool to room temperature under the flow of   
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Figure 6.1: (A) Bilayer MoS2 flake transferred to silicon nitride substrate. The gate 
electrode is patterned in the same manner as for exfoliated graphene devices fabricated in 
chapter 5. Scale bar, 30 μm. (B) STEM image of 50 nm HIM drilled pore. (C) Optical 
image and (D) exploded view of microfluidic cell. The basic device is the same as that 
described in chapater 5. An additional O-ring and glass cover slip are added to contain the 
top resivour of solution and eliminate the water meniscus which can interfere with laser 
path. (underlying glass slide measures 1” x 3”).  
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gases. In this process, the solid MoS2 is heated to sublimation and then carried to the cooler 
region downstream to condense on the SiO2 substrate. Individual MoS2 flakes were 
transferred onto the silicon nitride support chips via the pick-and-place transfer method 
described in chapter 5, a single approximately 50 nm pore was drilled using the HIM, and 
the device was mounted into a PDMS microfluidic cell (figure 6.1). The silicon nitride 
support chips and microfluidic cell used in chapter 5 were also utilized in this study. 
Additionally, a rubber O-ring and glass coverslip where mounted over the top side of the 
silicon nitride chip so that the top reservoir of solution did not have a meniscus. 
 Ag/AgCl electrodes were placed in either reservoir of solution and a bias voltage 
was applied across the device. The pore conductance was measured in a 0.1 M KCl solution 
using the electrical setup described in chapter 5, sweeping the bias voltage to +/- 500 mV. 
Next, the pore current was measured as a function of laser exposure. A schematic of the 
optical measurement set up is shown in figure 6.2A. A blue diode laser (405 nm) was 
focused onto the nanopore device with an objective lens (50x). The device was fixed onto 
a 3-axis micromanipulator stage so that the pore could be aligned with the beam of the laser 
and a manual shutter was used to control the laser exposure time. Using a patch clamp 
amplifier (Axopatch 200B), the pore conductance was measured under a fixed voltage bias 
while the pore was exposed to the laser at ~ 1 µW of power.  
 While under laser exposure, the current was observed to increase (Figure 6.2B). 
After laser exposure, the pore did not instantly return to the previous conductance level. 
Additional laser exposure continued to increase the current. Intermittently, I-V curves were 
taken as a measure of the pore conductance (figure 6.2C). These were taken immediately   
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Figure 6.2: (A) Schematic of optical set up. (B) Changes in ionic current over time in 
response to ~1 µW laser exposure in 1 M KCl solution with a fixed bias voltage of 200 
mV. Blue regions indicate when laser was on. When pore is exposed to laser illumination 
the current increases. When the laser is turned off the pore does not instantaneously return 
to its previous conductance state. (C) I-V curves for the Mos2 device in 0.1M KCl solution 
after varying amounts of ~1 µW laser exposure. *indicates that device had laser exposure 
prior to t = 0 seconds, however powers were well below 1 µW.  
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after laser exposure as well as several hours later, to confirm that the pore conductance was 
stable at the increased level. Work by (Danda, et al., 2017) reports similar behavior for 
WS2 pores exposed to light, which they attribute to physical expansion of the nanopore. It 
is likely that a similar process is occurring within our MoS2 nanopores. 
 Pristine MoS2 devices without a nanopore, as well as MoS2 devices perforated via 
a voltage pulse method (Feng, et al., 2015; T., et al., 2015) were also investigated. These 
devices also demonstrated an increase in conductance in response to laser exposure. 
However, in all the devices measured, a range of behaviors were observed, making it 
difficult to draw concrete conclusions. While it looks to be that MoS2 pores investigated 
do respond to laser exposure, at this time we cannot rule out other thermal and chemical 
effects (Feng, et al., 2015; Chimerel, et al., 2008; Angevine, et al., 2016; Lukowski, et al., 
2013). 
 Several challenges were encountered when investigating MoS2 nanopores. The 
quality of the MoS2 varied between growths, thus often defect density varied from one 
device to the next. Without extensive STEM imaging on all the devices, this made it 
difficult to correlate the conductance with a known pore size, as defects may have also 
been contributing the current. Similarly, for pores created via the voltage-pulse method, it 
was difficult to determine the number of pores created and their size. The large suspended 
area (5 μm diameter) makes it likely for multiple pores to have been created. Lastly, non-
linear pore conductance and the observation of bubbles likely formed via hydrogen 
evolution additionally complicate the relationship between pore size and conductance. 
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6.2: Conclusions 
 While there is still much to be explored regarding MoS2 nanopores and their 
responsiveness to light, this chapter laid the groundwork for those future experiments. A 
fabrication method for creating MoS2 nanopores was developed and laser illumination was 
integrated into the existing experimental set up for measuring nanopore conductance. 
Preliminary results suggest that pores expand in response to laser exposure, however future 
studies are still necessary.
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CHAPTER SEVEN: Conclusions and future outlook 
7.1: Summary 
 This thesis explored nanoporous two dimensional materials for intelligent control 
of ionic and molecular transport, analogous to the functionality of a biological ion channel. 
Chapters 1–4 provided an overview of the field of solid state and two dimensional 
nanopores, and introduced the basic concepts and theory relevant to the experimental 
results presented in chapters 5–6.  
 In chapter 5, we fabricated and characterized cation-selective graphene nanopore 
devices. These devices displayed considerable K+/Na+ selectivity and were responsive to 
gate voltages up to 500 mV. Cation-anion selectivity, concentration dependence, and pH 
dependence were also measured. Experiments carried out on h-BN and using ethanol-based 
solutions suggest that surface charge and hydrophobic gating play a role in governing the 
observed behavior. These experiments have demonstrated control of ionic transport at an 
unprecedented level, closely mimicking the capabilities of protein ion channels. Chapter 6 
introduced the initial work investigating MoS2 nanopores and their responsiveness to 
optical stimuli.  
7.2: Future outlook 
 The studies presented in this thesis have brought to light new and interesting 
questions regarding nanoporous two dimensional membranes. Our demonstration of a 
highly cation-selective, solid-state nanopore can motivate the future optimization of solid-
state devices, but also inspire further understanding of the mechanisms by which both 
biological and solid-state devices are governed. Further investigation into the surface 
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energy and hydrophobicity of two dimensional materials would seem vital for the 
development of two dimensional nanoporous membrane technologies, given that these 
materials are all surface. Especially in the case of confined geometries, such as nanopores. 
There are still many unanswered questions regarding the wettability, capillary effects, and 
transport through nanoscale pores in two dimensional materials.  
 In addition to further understanding transport phenomena at the nanoscale, the 
variety of two dimensional materials provides an interesting set of tools to explore different 
means by which to control transport. As was pointed out in chapter 6, there is potential for 
two dimensional nanopores to respond to a variety of environmental stimuli. Work is 
already being done in this regard, however the field is by no means saturated. The 
development of a toolbox of two dimensional pores responding to electrical, optical, 
chemical or mechanical stimulus would allow for configuring lab-on-a-chip technologies 
with the precise control and sensing of translocating species.  
 The work presented in the thesis only begins to explore what is possible regarding 
the control and sensing capabilities of two dimensional nanopores. There are many 
directions still to pursue within the field, from in depth studies of nanoscale transport 
mechanisms, to scaling the technology for industrial applications. 
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